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ABSTRACT
A Gene Therapy Approach for Tissue Engineering Applications
By
Ying Ka Ingar Lau

In this work, gene therapy was combined with cell therapy to tackle three tissue

engineering applications. The goal of the first project was to promote endothelialization
of tissue engineering vascular grafts (TEVGs). We developed a system called the
collagen-based gene-activated matrix (GAM) which was able to retain plasmid DNA
(pDNA) and allowed smooth muscle cells (SMCs) embedded to gradually take up and
express the gene of interest, in this case, vascular endothelial growth factor (VEGF). To
obtain better trasnfection efficiency, pDNA was complexed with polyethyleneimine
(PEl) which dramatically improved transfection of SMCs in GAMs. Continual
production ofVEGF for approximately one month was observed. VEGF produced by
SMCs in GAMs was bioactive and induced both enhanced migration and proliferation
of endothelial cells (ECs) on collagen which is a common biomaterial for TEVGs. The
goal of the second project was to potentiate angiogenesis through overexpression of
VEGF in 1OT 112 cells for treatment of ischemic diseases and vascularization of tissue
engineered constructs. lOTl/2 cells were transfected with the VEGF transgene
successfully via retroviral transfection. VEGF-producing lOTl/2 cells were able to
induce enhanced migration, proliferation, as well as invasion of underlying matrix in
ECs. Potentiation of angiogenesis was further observed in 3D collagen models when
ECs were co-cultured with VEGF-producing lOTl/2 cells. ECs formed extensive

network of tubular structures and presence of a lumen in the vessels formed was
confirmed by confocal microscopy. VEGF-producing 1OTl/2 cells also rescued ECs
from starvation and induced them to form organized tubular structures. The goal of the
third project was to enhance mechanical strength in dermal wound through increased
cross-linking of extracellular matrix (ECM) proteins via overexpression of lysyl oxidase
(LO). Using the GAM system we developed and embedding transgene encoding LO
with fibroblasts, we obtained enhanced mechanical strength in collagen constructs in

vitro. We also demonstrated the same efficacy of these LO-producing GAMs in a
dermal wound healing model in vivo.
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Chapter 1
Background and Significance

1.1 Tissue engineering
Tissues and organs of a human body are extremely complex and carry out a
myriad of diverse functions. Due to their complexity, malfunction can occur at many
different levels. Due to scarcity of available organs and donors for replacement, tissue
engineering has become a thriving field in the realm of regenerative medicine. The goal
of tissue engineering is to combine living and synthetic components into functional
constructs for the maintenance, regeneration or replacement of malfunctioning tissues.
The challenges of a successful tissue engineering construct include cell availability, cell
viability in scaffolds, continuous delivery of growth factors and cytokines, the
complexity of the organization of different cell types and sterilization and adequate
vascularization of the constructs. Since microenvironment provides cues for cell
behavior, it is important that we create an environment that provides the appropriate
combination of signals to induce proper cell function and restore normal tissue function.
Cell-based therapy is a distinct class of therapy that relies on cells as the
therapeutic agents to affect a pathological condition. This makes use of cell's elegant
biochemical machinery and replication ability to perform functions that cannot be
mimicked by exogenous drug products or surgical intervention. The first one involves the
use of stern cells for regenerate of parts or whole of an organ or tissue. The second one
involves using healthy cells to produce a needed substance of an organ or tissue. Genetic
engineering provides an additional tool to control the microenvironment, typically by
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engineering cells to overexpress certain growth factors. Cell therapy could be used
together with gene therapy and this combination creates a whole rainbow of possibilities
for advances in regenerative medicine and tissue engineering applications.

1.2 Gene Therapy
The integrated functions of cells rely on many different proteins, each of which
has a genetic basis. Therefore by transferring genes into cells, one can influence cellular
functions at different levels. Gene therapy thus has been gaining a lot of attention as
being a promising and potential treatment for many diseases. In its simplest form, gene
therapy means inserting genetic material into a cell to treat a disease, usually
supplementing a defective mutant allele with a functional one. In a broader sense, it also
has great potential for use in tissue engineering applications and regenerative medicine as
overexpression, or expression of a myriad of proteins is crucial for these applications. For
instance, in many cases, cells have to increasingly populate the scaffold which would
degrade over time. According to the different cell types, overexpression of certain growth
factors can encourage cell survival, migration and proliferation which could be crucial to
the success of a tissue-engineered construct. Although the technology is still in its
infancy, it has been used with some success especially in monogenic disorders such as
cystic fibrosis and anemia (Dorin et al., 1996, Griesenbach et al., 2006, Noll et al., 2001)
as well as tissue engineering (Young et al., 2002, Hofmann et al., 2006, Andreadis et al.,
2006).
In theory, it is possible to transduce either somatic cells or cells from the

germline. All gene therapy so far conducted in people has been directed at somatic cells,
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whereas germline gene therapy in humans remains highly controversial since there is a
very fine line between germline therapy and germline enhancement. It is generally
considered unacceptable to create offsprings with "superior genes". Somatic gene therapy
can be divided into 2 categories: ex vivo (where cells are genetically engineered outside
of the body and then introduced back into the body) and in vivo (where cells are
transduced inside of the body). Ex vivo gene transfer overcomes the problem of
immunogenicity from viral particles and low trasnfection efficiency which is often seen
in in vivo gene therapy. However, ex vivo gene therapy takes a relatively long time and
cell cultures are constantly subjected to contamination.
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Figure 1.1 Steps in ex vivo gene therapy. First the gene of interest is incorporated into a virus. The virus
then infect cells taken from a patient. Cells then become transformed and cell culture is expanded before
introducing the cells into the patient.
(http:/207 .28.11.252/projects/ind_study/hi indlgenetherapy/genetherapy.html)

Methods for transfection are divided into two major categories, namely viral and
non-viral transfection. Viral particles are composed of a nucleic acid genome surrounded
by a capsid of proteins and have evolved over centuries to inject their genetic material
into various cell types very efficiently and effectively. Viruses attack their hosts and
introduce their genetic material into the host cell as part of their replication cycle. This
3

genetic material contains basic instruction of how to produce more copies of the virus and
thus hijacks the cell's production machinery to serve the needs of the virus. Viral vectors
are more widely used than nonviral vectors due to their higher efficiency, yet they are
associated with toxicity and immunogenicity problems (Anderson et al., 1998).
Retroviruses and adenoviruses are the most widely used vectors in clinical trials (Kohn et
al., 1999; Hasdorffer et al., 1998; Bellon et al., 1997) although other viruses such as
herpes simplex viruses and adeno-associated viruses are being used (Sterman et al., 1998;
Li et al., 2006; Flotte et al., 1996). Retroviruses have the potential for long-term gene
expression through integration oftransgene into the host cell genome. However,
obtaining efficient delivery, transducing non-dividing cells and achieving stable
expression at an appropriate level are challenges that still persist. On the other hand,
adenoviral vectors have the advantage of being able to transduce non-dividing cells.
Non-viral transfection offers the benefit of lower immunogenicity and also
improved safety. However, their trasnfection efficiency is usually much lower than that
achieved by viral transfection and there is also concern of cytotoxicty (Florea et al., 2002,
Moghimi et al., 2005). Much work has been devoted to improve the chemical design of
some of the classical transfection agents such as polybrene and polylysine. These agents
are poly cations which are able to interact electrostatically with the negatively charged
cell membrane, thus bringing genetic material to close proximity of the membrane for
subsequent endocytosis. Among all the cationic transfection agents, polyamidoamine
polymers and lipopolyamines seem to be consistently highly efficient. Although quite
different in chemical structures, they both contain residues still protonable at
physiological pH. This property may permit endosome buffering and thus prevent DNA
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from lysosomal degradation. Another compound with similar DNA-condensing and pHbuffering properties is polyethylenimine (PEl). PEl is obtained by acid-catalyzed
polymerization of aziridine (Florea et al., 2002; Lungwitz et al., 2005), yielding a highly
branched network with a high cationic charge-density potential that can ensnare DNA
(Klotz et al., 1969).

Figure 1.2 Chemical structure ofPEI. PEl consists of primary, secondary and tertiary amines.
(http://www.sogo-pharma.co.jp/chernlimage/PEI-2.gif)

PEl has been found to be a versatile polymeric vector for gene delivery that
tightly condenses plasmid DNA and is able to promote trans gene delivery to the nucleus
of mammalian cells (Boussif et al., 1995; Godbey et al., 1999; Louis et al., 2006). PEl
also has been shown to protect DNA against degradation by serum DNases (Moret et al.,
2001) and against degradation of DNA in lysosomes by its pH buffering capacity.
Although PEl possesses relatively high transfection efficiency, it might interfere with
transcriptional and translational processes and even induce cell death (Godbey et al.,
2001). Therefore in our study, we also investigated the possibility of cytotoxicity of PEl.
Viral and non-viral vectors have short half-lives, so delivery vehicles are needed
to prevent their degradation and provide a sustained release. To date, numerous
controlled release systems have been developed for enhancing efficacy of these vectors
(Ochiya et al., 1999, Lee et al., 1998, Cohen et al., 2000). Controlled release systems
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typically employ polymeric biomaterials that deliver vectors through polymeric release,
in which the DNA is released from the polymer, or substrate-mediated delivery, in which
DNA is retained at the surface. In comparison to traditional gene delivery systems,
controlled release can enhance gene delivery by increasing the extent and duration of
transgene expression, while reducing the need for multiple interventions. Additionally,
localized vector delivery to specific tissue can avoid distribution to distant tissues,
decrease toxicity to non-target cells, and reduce the immune response. These polymerbased gene delivery systems capitalize on both specific and non-specific interactions
between the biomaterial and the vector, to achieve either release of the vector into the
surrounding space or immobilization at the surface. The development of these systems
may increase the efficacy within current gene therapy trials and may also extend the
applicability of gene delivery to other areas such as tissue engineering and functional
genomtcs.

1.3 An Overview of the Thesis
This thesis work consists of3 main projects: (1) Improved endothelialization for tissue
engineered vascular graft (2) Potentiation of angiogenesis for tissue engineering
applications and treatment for ischemic diseases (3) Enhanced cross-linking in
extracellular matrix for improved dermal wound healing. Each of these projects tackles a
different tissue engineering problem with the help of a combination of gene and cell
therapy.
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1.31 Improved Endothelialization for Tissue Engineered Vascular Graft

The Need for Vascular Grafts
Over the years, cardiovascular disease (CVD) has become the leading cause of
death in America with over 50% of the CVD cases being coronary heart disease
(http://www.americanheart.org). Coronary heart disease is caused by obstruction of blood
flow in the coronary artery by fat deposits, and vascular grafts are used to bypass these
occlusions to restore blood flow. Coronary heart disease is frequently treated by
bypassing blood flow around the occluded segment using some type of vascular graft. A
biological vascular graft is usually a saphenous vein taken from the patient with one end
grafted onto the aorta and the other end onto the coronary artery below the blocked area.
These grafts have relatively long patency attributed partly to the presence of viable ECs
on the lumenal surface. The importance of maintaining the integrity of endothelium
during vein harvest has been extensively stressed (Angelini et al. 1987, Cambria et al.
1985, Quist et al. 1992). However, these autografts tend to fail due to intimal hyperplasia
caused by excessive proliferation of smooth muscle cells (Sasaki et al. 2000) and are not
always available, especially after a patient has had multiple procedures or in patients with
peripheral vascular disease. This leads to the need for synthetic vascular grafts that can
mimic the function of a blood vessel. The majority of current synthetic vascular grafts
function satisfactorily in large diameter applications, such as bypassing flow around an
aneurysm in the abdominal aorta. They do exhibit thromobogenicity, but do not exhibit
significant thrombosis related failure in large diameter applications. On the other hand,
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they consistently fail in small diameter applications (i.d.<6mm) (Charlesworth et al.,
1985) due to lack of endothelialization which results in serious thrombosis as well as
development of anastomotic hyperplasia composed of smooth muscle cells and matrix.
Mechanical properties of most synthetic grafts also differ from that of a native vessel by
far creating compliance mismatch between graft and native blood vessel. To circumvent
these problems, tissue engineered vascular grafts (TEVGs) have been developed in the
hope to increase patency rate and duration of vascular substitutes.

Tissue Engineered Vascular Grafts (TEVGs)

TEVGs are tissue engineered blood vessels that consist of both synthetic materials
and biological tissue with the goal of providing the various functions of a natural blood
vessel. A natural artery is composed of three layers with endothelial cells (ECs) residing
on the inner layer (intima), smooth muscle cells (SMCs) the middle layer (media) and
fibroblasts on the outermost layer (adventitia). A hollow lumen is present in the center to
allow blood flow.
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Figure 1.3 Anatomy of an arterial wall. An artery is composed ofthree layers. The innermost layer is made
of a monolayer of endothelial cells, the medial layer made of smooth muscle cells and the adventitial layer
made of fibroblasts. An elastic lamina is present between tha inner and the medial layer. A vast amount of
extracellular matrix is present in the medial and adventitial layer to provide elasticity and mechanical
support. (Kangasniemi K, Opas H. Suomalainen HUikarikeskus (in Finnish). Toinen painos 1997)

ECs are mesenchyme-derived cells that line the inside of all blood vessels as an
epitheloid monocellular layer called the endothelium which has a variety of functions and
is in direct contact with blood. The endothelium provides a non-thrombogenic surface
that resists platelet adhesion (Curwen et al., 1980), regulate leukocyte adherence (Ling et
al., 2003) and acts as a barrier coordinating transport of molecules. It has been shown
that there is substantial cross-talk between ECs and SMCs, and ECs provide signals to
limit SMC proliferation in order to maintain vascular homeostasis (Waybill et al., 1997).
The medial layer is the thickest of the three layers and consists of SMCs and
extracellular matrix (ECM) proteins. ECM contributes significantly to the mechanical
properties of the medial layer as well as the blood vessel as a whole. The primary
components of ECM in the medial layer include type I and type III collagen, elastin,
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proteoglycans, hyaluronan and glycoproteins (Wight, 1995). The SMCs also contribute to
the mechanical strength of the blood vessel and their contractile activites regulate
contraction and relaxation of the blood vessel to maintain normal blood pressure. The
medial SMCs are quiescent under normal physiological conditions, but proliferate
uncontrollably when the endothelium is damaged or absent (Curtis et al., 1975). This
uncontrolled proliferation can lead to intimal hyperplasia, which is a formation of a
VSMC lesion in the center of the blood vessel which can occlude blood flow through the
vessel.
The adventitial layer is mainly composed of fibroblasts and connective tissue.
This layer also contributes to the mechanical properties of a blood vessel. This layer is in
close contact with a capillary network and a neural network to provide nutrients to the
deeper layers as well as regulate blood vessel activity. It may be possible to omit this
layer from a TEVG and still have a functional graft, while the intima and media are likely
to be required for tissue function.
To recreate a blood vessel, a TEVG should be made of a degradable material that
provides support for cell growth and degrades over time as regeneration of tissue occurs.
Recent advances indicate that constructing a TEVG composed of a confluent luminal
endothelial monolayer, a medial smooth muscle layer and an adventitial layer with
fibroblasts is feasible (L'Heureux et al., 1993). They provided these vascular cells with a
scaffold made of type I and III bovine collagens which are natural ECM proteins
conducive to cell attachment and survival. Seeded at high density, human umbilical vein
endothelial cells (HUVECs) were observed to be elongated and this confluent
endothelium was kept in culture for 50 days without visible changes.
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One of the first TEVGs developed was based on a collagen type I scaffold
supported by a Dacron mesh to provide the required mechanical strength (Weinberg and
Bell, 1986). In this model, bovine ECs, SMCs and fibroblasts were used to construct a
multi-layered vascular graft. Although the mechanical strength of this model was
significantly lower than that of a native coronary artery, it nonetheless demonstrated that
collagen can be used as a three-dimensional scaffold to support vascular cell growth.
Synthetic materials such as Dacron, polyurethane, polyglycolic acid and poly L-lactic
acid (Kim and Mooney, 2000; Kanda and Matsuda, 1994; Seliktar et al., 2000;
Gogolewski et al., 2006) are more commonly used as scaffolds in tissue engineering. In
another attempt to develop TEVGs, degradable polyglycolic acid scaffold seeded with
bovine aortic smooth muscle cells were molded into a tubular form and cultured in
bioreactor mimicking physiological conditions (Niklason et al., 1999). After 8 weeks,
bovine aortic ECs were seeded onto the luminal surface. These cultured vessels exhibited
rupture strengths greater than 2000 mmHg, suture retention strengths of up to 90 g, and
collagen contents of up to 50%. When implanted into pigs, these grafts showed patency
up to 24 days. In a different approach, SMCs and fibroblasts were cultured into
monolayers for prolonged periods independently without a scaffold material and then
rolled into sheets around a mandrel (L'Heureux et al., 1998). Finally, ECs were seeded
onto the lumen forming a 3-layered vascular graft. In vivo, this graft had a 50% patency
rate at one week after implantation. In another more recent approach, bone marrowderived cells were allow to differentiate into SMCs and ECs in a decellulairzed artery (id
=

3mm) and these were implanted in canines (Cho et al., 2005). The grafts showed

regeneration of the 3 layers of the artery and remained patent for up to 8 weeks in the
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canine carotid artery interposition model. Though still under development, TEVGs have
shown some promising results and may be put to clinical use in the near future. In small
diameter cases, the challenges for these grafts are poor endothelialization and failure
under in vivo conditions due to poor mechanical properties. Different approaches have
been used to circumvent these difficulties.

Endothelialization of vascular grafts
In addition to adequate mechanical strength, successful endothelialization is also

critical for prolonging patency of small diameter synthetic vascular grafts or TEVGs. ECs
provide a non-thrombogenic surface to prevent platelet adhesion largely through the
action of nitric oxide. The endothelial lining also helps to prevent leukocyte infiltration
and provides resistance to bacterial infection. ECs are anchorage dependent, and their
growth is contact inhibited.
In TEVGs, they are often seeded on the luminal side of the cylindrical construct,
but gradual loss of ECs happens most of the time due to shear stress from arterial flow
(Sasaki et al., 2000). This loss of ECs then leads to platelet adhesion and aggregation
which in tum leads to occlusion of the blood vessel. Without pre-seeding of ECs in the
lumen of a vascular graft, ingrowth of endogenous ECs is limited to 1.5 em from the
anstomoses. Even with pre-seeding of ECs, the loss of ECs due to poor attachment could
still lead to worsened anastomotic hyperplasia in TEVGs.
Early attempts to culture an endothelial lining on Dacron and expanded
polytetrafluoroethylene (ePTFE) were oflimited success (Malone et al., 1975). Further
attempts using grafts precoated with materials such as ECM, collagen and fibronectin
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showed more promising results (Vohra et al., 1990). Peptide sequences such as
fibronectin-based peptides and arginine-glcine-aspartate (RGD) peptides were also
explored for better cell attachment. It was shown that heparinised graft coated with
fibronectin-based pepetides allows significant cell retention after only 1 hr of seeding
{Tiwari et al., 2003). In another approach, an endothelial cell adhesive YIGSR peptide
sequence was incorporated in a polyurethaneurea scaffold and enhanced endothelial cell
adhesion and migration was observed on this material (Jun and West, 2005). Despite
these efforts, satisfactory endothelialization remains a challenge for TEVGs under
physiological and dynamic conditions.
Researchers have also employed vascular endothelial growth factor (VEGF), a
secreted protein that acts specifically on endothelial cells, to enhance both proliferation
and migration ofECs (Leung et al., 1989). This approach seeks to replenish ECs in a
more effective manner until scaffold is mostly or partly degraded and sufficient amount
of ECM is generated for attachment. VEGF is among the various growth factor that
promote endothelial cell growth and migration and importantly, VEGF is a mitogen for
ECs but not SMCs (Shireman et al.,2000). VEGF is an approximately 46 kDa protein
made up of2 identical subunits (Ferrara et al., 1991). To date, 5 isoforms ofVEGF
generated by alternate splicing have been found: VEGF 121, VEGF 145, VEGF 165, VEGF 189
and VEGF 206 • VEGF 121 does not bind heparin while all the other isoforms do (Cohen et
al., 1995). These have strikingly different secretion patterns, which suggest distinct and
multiple physiological roles for this family of polypeptides. Properties of vascular
networks differ greatly depending on which isoform predominates during their growth.
Isoforms act in a coordinate fashion to optimize the formation of a properly branched and
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pervasive vessel network. VEGF

120

and VEGF

188

have opposing effects on vessel

morphology and branching during developmental angiogenesis: VEGF 120 promotes the
formation of capillaries with an abnormally large caliber but few branch points, VEGF 188
induces excess branching at the expense of luminal growth. VEGF 165 is more able to
support angiogenic growth than other isoforms. VEGF has a dual role as both a mitogen
and chemotactic factor ofECs in vivo: If the VEGF concentration is high around an
actively growing vessel, ECs appear to respond with what may be their default behavior,
proliferation to increase vessel caliber. If the VEGF concentration is below a threshold
level at the cell body, but higher at a distance, ECs polarize by extending filopodia to
guide migration towards the VEGF source.
VEGF 165 is the major form ofVEGF present and binds avidly to heparin and
heparan sulfates. It can bind to both cell-surface and extracellular matrix-associated
heparan-sulfate proteoglycans (Park et al., 1993). Therefore, locally synthesized VEGF
might be partially stored in the ECM bound to heparin-like molecules. Several studies
indicate that heparan-sulfates may bind to VEGF receptors such as VEGFR-2 and
regulate their VEGF binding ability (Dougher et al., 1997; Chiang et al., 1995). VEGF is
a secreted mitogen that has a high specificity toward vascular ECs (Ferrara et al., 1992).
VEGF signals via two receptor tyrosine kinases, VEGFR-1 and VEGFR-2. It has been
shown that VEGFR-2 is the major mediator of endothelial proliferation and migration in
response to VEGF (Matsumoto and Claesson-Welsh, 2001) while VEGFR-1 acts as a
signaling receptor that promotes release of NO by ECs and their differentiation into
vascular tubes (Bussolati et al., 2001). VEGFR-1 can contribute to the activation of
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VEGFR-2 through intracellular signaling and through heterodimer formation ofVEGFR1 and VEGFR-2 (Autiero et al. 2003).
When cultured in 3-D systems, ECs proliferate and form capillary-like structures
in response to VEGF (Gerhardt et al., 2003; Takei et al., 2006). Futhermore, it was
shown that VEGF was able to confer substantial protection from apoptosis on ECs from
apoptosis probably via induction ofBcl-2 (Nor et al., 1999). It is interesting to note that
in this experiment, induction ofBcl-2, an anti-apoptotic protein, was only observed in
ECs seeded in collagen gels but not ECs seeded on plastic surfaces. Microarray analysis
has shown that VEGF up-regulates a variety of genes (more than 100) in ECs (Abe et al.,
2001 ). These include genes encoding matrix metalloproteases, various collagen,
intracellular signaling molecules, cell adhesion molecules and several secreted cytokines
and growth factors (Weston et al., 2002). This implies that VEGF plays an important role
in inducing matrix remodeling and leads to a cascade of intracellular events after binding
to its tyrosine kinase receptor.

Research Goal
In this study, we aimed to develop a collagen-based scaffold which acts as a geneactivated matrix at the same time. Since SMCs usually make up the bulk of a TEVG, our
goal is to deliver a gene coding for VEGF 165 to SMCs embedded in the scaffold. SMCs
then could become "factories" to locally produce VEGF which in tum could diffuse to
the ECs seeded on the collagen surface. We hypothesized that by locally and continually
delivering bioactive VEGF to ECs, we could promote survival, proliferation and
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migration of ECs on the collagen. This would have great implications for better
endothelialization of a TEVG and would be crucial for its success.

1.32 Potentiation ofAngiogenesis for Tissue Engineering Applications and Treatment
of Ischemic Diseases

Angiogenesis
The formation of new blood vessel, angiogenesis, plays a pivotal function in a
variety of normal conditions such as embryonic development, the menstrual cycle, hair
cycle and wound healing. However, excessive angiogenesis leads to pathological
conditions such as arthritis, psoriasis, proliferative diabetc retinopathy, atheroslerosis,
tumor growth and metastasis (Nagashima et al., 1995, Creame et al., 1995, Noma et al.,
2002, Luttun et al., 2002). On the other hand, ischemic diseases arise when there is
insufficient blood supply (Carmeliet et al., 1999, Takeshita et al., 1994). Therapeutic
angiogenesis is needed to treat and correct these cases. Angiogenesis is also very crucial
in tissue engineering applications. Cells depend heavily on supply of oxygen and
nutrients from blood vessels for normal metabolic activities, and close proximity to blood
supply is needed for efficient mass transport. Therefore, all tissue engineering constructs
have to adequately vascularized to be functional and lasting.
The early stages of angiogenesis are characterized by loosening of endothelial
cell-to-cell junctions and invasion ofECs through surrounding matrices, followed by
migration and proliferation of ECs. In addition to factors regulating cell adhesion and
motility, invasion requires activity of enzymes that proteolytically degrade the vascular
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basement membrane, as well as the underlying ECM. In quiescent vessels, a basement
membrane of collagen IV, laminin and other components encases vascular cells. An
interstitial matrix of collagen I and elastin between vascular cells further provides
elasticity and strength to the vessel wall. Remodeling of the ECM during vessel
sprouting requires breakdown by proteinases. Currently, the best-characterized group of
matrix degrading enzymes with a role in angiogenesis is the matrix metalloproteinases
(MMPs), a family of zinc-dependent endopeptidases (Sounni et al., 2002, Vu et al., 1998,
Kim et al., 1999). Their involvement in angiogenesis include disrupting ECM allowing
EC migration and molilizing matrix-bound angiogenic factors for promoting EC
proliferation and migration (Bergers et al., 2000). In particular, MMP-2 has been
extensively studied for its contribution to angiogenesis and has been shown to be
important for the differentiation ofECs into tube-like structures (Schnaper et al,. 1993)
The last stages of angiogenesis involve tightening of endothelial cell-to-cell junctions,
deposition of a basal lamina to which the endothelium tightly adheres, and the
recruitment of supporting cells, such as pericytes, to the vessel walls (Grant et al,. 1991;
Hirschi et al., 1998; Chantrain et al., 2006).

17

Figure 1.4 Events in Angiogenesis. Angiogenic stimulus leads to activation, proliferation and migration of
endothelial cells. ECM is then being laid down and remodeled and tubular structure is formed . Finally,
vascular stabilization is achieved by recruitment of smooth muscle cells or perictyes.
(www .med.unc.edu/physio]o/fac tzima.htm)

Role of Pericytes in Angiogenesis
Angiogenesis is stimulated by a shift in balance between angiogenic and
antiangiogenic factors and depends on specific molecular interactions between ECs and
their surrounding microenvironment, composed of neighboring cells and of the ECM.

In vivo angiogenesis is regulated by several supporting cells e.g. , pericytes, sn1ooth
muscle cells, and fibroblasts (Thomas et al. , 1999, Nicosia et al., 1995, Villaschi et al. ,
1994; Kunz-Schughart et al., 2005). Although not very well studied, pericytes have
gained attention for their roles in angiogenesis. Pericytes are functionally significant;
when vessels lose pericytes, they become hemorrhagic and hyperdilated, which leads to
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conditions such as edema and diabetic retinopathy (Hellstrom et al., 2001, Addison et al.,
1970). Among mural cells, perictyes constitute a heterogeneous population of cells in
close contact with ECs. Because of their varying morphology, pericytes may have
different functions depending on the specific microenvironmet {Thomas et al., 1999,
Hirschi et al., 1996). Pericytes contain myofilaments and express markers such as alpha
smooth muscle actin, but expression of these markers is dynamic in pericytes and varies
according to the species, the tissue and the differentiation state of the cells. This plasticity
is demonstrated by their capacity to transdifferentiate into other mesenchymal cell types
such as smooth muscle cells, fibroblasts, osteoblasts and adipocytes (Doherty et al., 1998,
Farrington-Rock et al., 2004). Perictyes are in contact with ECs through discontinuities
in the shared basement membrane. Maturation of a blood vessel involves recruitment of
pericytes by ECs through various growth factors including platelet-derived growth factor
B (PDGFB), angiopoietin 1 (Ang 1) and transforming growth factor- beta1 {TGF-b1).
Pericytes modulate EC proliferation, survival, migration as well as branching and are
important in the development, maintenance and regulation of the microvasculature.
Angiogenesis requires that mural cells (pericytes) be released from the sprouting
blood vessel before branching can proceed (Bergers et al., 2005). Subsequently, basement
membrane and ECM are degraded by matrix-metallo-proteinases (MMPs), and stromal
cells synthesize new matrix to promote migration and proliferation of endothelial cells
(Nguyen et al. 2001). This process is supported by several soluble growth factors, which
either positively or negatively guide the complex phenomenon of blood vessel growth.
There are also studies that suggest that the last phase of maturation of a blood vessel
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involves recruitment of pericytes and deposition of a perivascular ECM which provides
mechanical support and stabilization for the newly formed vasculature.

Growth factors involves in angiogenesis
A nascent vascular bed expands by sprouting and then matures into a system of
stable vessels. Hypoxia is an important stimulus for this expansion of vasculature. Under
normal conditions, cells are oxygenated by simple diffusion of oxygen but when tissue
grows beyond the limit of oxygen diffusion, hypoxia triggers vessel growth by signaling
through hypoxia-inducible transcription factors (HIFs). HIFs upregulate various
angiogenic genes one of which being the VEGF gene. VEGF stimulates the key cellular
processes of angiogenesis, such as activation of endothelial cells, breakdown of the
extracellular matrix, and migration and proliferation of ECs. In EC cultures, VEGF
induces expression of various molecules involved in the various steps of the angiogenesis
process, such as urokinase-type and tissue-type plasminogen activators (uP A and tP A),
uP A-receptor (uP AR), and avP3 and avPs integrins (Pepper et al. 1991; Friedlander et al.
1995; Mignatti and Rifkin 1996; Suzuma et al. 1998). Besides VEGF, a second family of
ligands and receptors specific for vascular ECs has been uncovered more recently. The
ligands are called angiopoietins and the receptors are Tie (tie-l and tie-2). Angiopoietin 1
(Ang-1) tightens vessels by affecting junctional molecules (Corada et al., 1999) and thus
promotes interaction between ECs and mural cells. Angiopoietin 2 (Ang-2) has been
proposed to stimulate the growth of immature vessels by loosening endothelial
periendothelial cell interactions and degrading the extracellular matrix (ECM), thereby
antagonizing Ang-1.
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In addition, many other growth factors that are not vascular endothelium-specific

are also required for blood vessel formation, such as members of the platelet-derived
growth factor (PDGF) and transforming growth factor-beta families (TGF-p). They are
required for SMC and pericyte differentiation, proliferation and migration (Hellstrom et
al. 1999). Basic fibroblast growth factor (bFGF) is a potent angiogenic factor and
interacts with VEGF in a synergistic manner both in vitro and in vivo (Asahara et al.
1995; Pepper et al. 1992).
There are many critical growth factors involved in the physiological regulation of
blood vessel formation, and the actions of these molecular players must be orchestrated in
terms of time, space and dose so as to form a functioning vascular network.

Stem cells in Angiogenesis
Stem cells have been under a lot of attention for its use in medicine since they
have self-renewing capability and can differentiate into numerous types of cells.
Although possessing great potential, it is still challenging to control their differentiation.
Stem cells differentiate in response to cues in their microenvironment and there is still a
lot to be learnt about such "cues". There are also concerns about cases of tumor
occurrence since stem cells and tumor cells share a lot of common traits.
Mesenchymal stem cells (MSCs) are self-renewing, clonal precursors of nonhematopoietic tissues. They are expandable in culture and multipotent , and can
differentiate into osteoblasts, chondrocytes, astrocytes, neurons, and skeletal muscle
(Pittenger et al. 1999). In this study, we used pluripotent mouse mesenchymal
C3H1 OTl/2 cell line which is capable of differentiating into various cell types such as
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perictyes, myoblasts, adipocytes, or chondrocytes (Taylor et al. 1979). We are particular
interested in this cell type because it has been shown that they spontaneously differentiate
into perictyes (or SMCs) when in contact with ECs (Koike et al., 2004). They could also
be induced to express smooth muscle a-actin, a differentiation marker for the SMC
phenotype by endogenous TGF-P and could be incorporated into the media of developing
blood vessels in vivo (Hirschi et al. 1998). IOT/12 cells endogenously express low levels
ofVEGF but not enough to induce angiogenesis (Tille et al. 2002). However, in the same
study, lOTl/2 cells were shown to potentiate VEGF-induced angiogenesis in a celldensity-dependent manner (Tille et al. 2002). It might be advantageous to combine stem
cell therapy and gene therapy to overexpress growth factors for applications that require
improved vascularization.

Research Goal
In this study, we aimed to show that by overexpression an important angiogenic

growth factor, VEGF, in the pluripotent mouse mesenchymal C3H10Tl/2 cells, we could
potentially enhance proliferation, migration, invasion of underlying matrix as well as
sprout formation in ECs. All these are important features in angiogenesis. This would
find applications in improved vascularization of tissue engineered constructs, as well as
treatment for various ischemic diseases.
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1.33 Enhanced Cross-linking in ECM for Improved Dermal Wound Healing via

I

Overexpression of LO

Impaired Wound Healing in Diabetes Mellitus
Abnormal wound healing is a recognized phenomenon in diabetes and may lead
to many complications (Martinet al., 2003; Goodson et al. 1977; Sato et al., 1999).
Minor wounds in diabetic patients often lead to chronic and nonhealing ulcers that are
predisposed to infection. It is not uncommon for the infection to lead to gangrene and
ultimately the need for amputation. Indeed, diabetic patients have the highest amputation
rate of any type of chronic wound. It was shown that 25% of patients with diabetes
mellitus are expected to have severe foot problems (Cunha et al. 2000). Unlike other
:~:
.11

: ::1

causes of altered tissue repair, there are multiple factors that contribute to the impairment.
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There are evidences of changes in cellular, metabolic and biochemical factors which
manifest mostly in altered vascular behavior as well as development of neuropathy
(Boulton et al. 2000; Kamal et al. 1996). It was also shown that wound strength in
diabetic animals was significantly reduced as compared with normal animals (Yue et al.
1987), and the decrease in wound strength led to reopening of wounds before completion
of healing. One way to increase wound strength is to increase covalent crosslinks in the
structural proteins in the ECM which can be induced through the enzymatic reaction of a
copper-dependent aminase called lysyl oxidase (LO).
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Lysyl Oxidase
LO is secreted as a 50 kDa proenzyme and then proteolytically cleaved to the 32
kDa catalytically active enzyme (Trackman et al., 1992). LO catalyzes lysine-mediated
intermolecular cross-linking in fibrillar collagens and elastin. The three principal
collagens, types I, II, and III, have four cross-linking sites at equivalent locations in their
molecules. Cross-links are formed by condensation between aldehyde side chains
generated by the action ofLO (Mechanic et al., 1970). The major cross-link products in
collagens are hydroxylysylpyridinoline and pyridinoline (Robins et al., 1996, Stone et al.,
1992). Cross-links in elastin are formed similarly by condensation of aldehyde side
chains with desmosine being the most abundant and well-studied cross-link product
(Baxter et al., 1992).
LO has been shown to be regulated by a variety of factors among which includes
retinoic acid, fibroblast growth factor, transforming growth factor-PI (Boak et al., 1994),
serum conditions (Gacheru et al., 1997) and shear stress (Ando et al., 1996). A
commonly used inhibitor ofLO is P-aminopropionitrile (BAPN; Tang et al., 1983). The
mechanism by which BAPN inhibit LO has not been defined. However, the irreversible
nature of the inhibition has been confirmed (Trackman and Kagan, 1979).
LO has intranuclear activity in addition to catalyzing cross-link formation in the
ECM (Li et al., 1997). Its action might extend toN-acetylation oflysine side chain of
histones thus regulating transcription ofnucleosomal DNA. It has been shown that H1
and H2 hi stones are capable of interacting with LO through different sequences of LO
(Giampuzzi et al., 2003). In fact, mature LO once secreted and processed, was observed
to enter cells and localized within cell nuclei (Nellaiappan et al., 2000). LOis thought to
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be a tumor suppressor gene since in many malignantly transformed human cell lines, the
activity of lysyl oxidase is greatly lowered both at expression and transcriptional levels
(Kuivaniemi et al., 1986). It is probable that lowered lysyl oxidase level leads to less
stable ECM and this favors cell migration through the matrix. LO has been shown to have
chemotactic effect on VSMCs and regulate stress fiber formation in these cells (Li et al.,
2000). Futhermore, it has been shown that basic fibroblast growth factor (bFGF) is
another substrate ofLO. LO cross-linked bFGF within the cell and markedly reduced
proliferation rates ofNIH3T3 cells (Li et al., 2003).
Several diseases are related to lysyl oxidase. One is called Menkes Syndrome
(Danks et al., 1972) and another is called Ehlers-Danlos Syndrome (de Paepe et al.,
1996). Lysyl oxidase activity is significantly lower in these patients and this is actually
caused by an abnormality in the copper transporter in the cell membrane (Moller et al.,
2000). As a result, collagen is more soluble and shows increased extractability. This
results in a variety of pathological conditions such as skin laxity and extensibility,
skeletal abnormalities, spontaneous rupture of the bladder' and neurological disorders.
Cutis laxa is another disease that results from abnormal LO activity and is characterized
by hyperextensible skin and a marked deficiency of skin elastic fibers (Kitano et al.,
1989). Further more, LO activity is greatly elevated in fibrosis (Ma et al., 1995).
It is probable that by increasing the expression LO, we can increase the amount of
crosslinks in the ECM thus impart to the TEVGs greater mechanical strength. This can be
done by genetically engineering vascular cells to over express this protein before seeding
them onto the scaffolds.
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The Extracellular Matrix (ECM) and Wound Healing
Regeneration and remodeling of the ECM is an important event in wound healing.
ECM is any material part of a tissue that is not part of any cell and is the defining feature
of connective tissue. The ECM has a mechanical role in supporting and maintaining
tissue architecture but can also be described as a dynamic meshwork actively regulating
critical cellular functions such as migration, survival, proliferation, and differentiation
(Stemlicht et al. 2001). Collagen is the most abundant glycoprotein found in the ECM.
Collagen is a structural protein and its supramolecular organization imparts high
mechanical strength to tissues. Together with elastin, they provide the tissue with
mechanical support.
The collagens are a group of complex glycoproteins which exist in a large number
of different molecular forms. Collagens are synthesized as procollagens which have
extension peptides at either end which are cleaved after the procollagens have been
secreted from the cells. All collagens are largely helical in structure. The molecules
consists ofthree separate polypeptide chains (alpha chains), each ofwhich coil in a lefthanded helix. The three chains then coil with one another into a right-handed super helix
(Bachinger et al., 1980).
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Figure 1.5 Collagen fibers. Structure of collagen magnified by 21,678 times.
(www. ecm.auckland.ac.nz/groups/rcsms/sfeg_h.htm)

This collagen triple helix is very resistant to enzymatic degradation. To date, there
are more than ten distinct types of collagen identified. Type I collagen is the most
abundant collagen in the animal kingdom, largely because it is the major constituent of
bone, tendon and adult skin (Melkko et al., 1990). The amino acid sequences of the
various collagens have in common the fact that every third residue in the helical portions
is glycine. There is also a high percentage of hydroxyproline and hydroxylysine present
(Berget al., 1973). Further post-translational reaction of the lysine and hydroxylysine
residues gives rise to sites for intra- and intermolecular cross-linking (Fujimoto et al.,
1978). The most important function of collagen fibrils is to withstand tensile stress. The
proportions of the different collagens in dissimilar tissues having diverse mechanical
functions probably reflect their capacity to respond to different tensile stresses. Collagen
has proved to be an important biomaterial for tissue applications mostly because of its
strength and biocompatibility. Apart from collagens, proteoglycans are also a major
component in ECM. Cells are consistently interacting with the surrounding ECM which
in tum is constantly being remodeled to serve different functions and needs.
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The ECM undergoes very intense remodeling during wound healing. There are 3
major stages in wound healing: inflammation, formation of granulation tissue and
remodeling of collagen fibers. During inflammation, a fibrin clot is formed and platelets
attracts leukocytes into the wound area by secreting growth factors. Macrophages play a
very important role in wound healing (Alitalo et al., 1980; Tsukamoto et al., 1981). They
secrete platelet-derived growth factor (PDGF) and transforming growth factor-beta
(TGF-~)

to attract fibroblasts and stimulate their proliferation; transforming growth

factor-alpha (TGF-a) to promote spreading of epithelial sheets; basic fibroblast growth
factor (bFGF), TGF-a, and tumor necrosis factor -alpha (TNF-a) to promote
angiogenesis. At the same time, there is rapid degradation and removal of necrotic tissue.
All these establish an environment favorable for angiogenesis as well as migration and
proliferation of fibroblasts into the wound. Fibroblasts play a major role in wound repair
and matrix remodeling (Neidert et al., 2006). During the phase of formation of
granulation tissue, angiogenesis is also rapidly taking place, fibroblasts proliferate rapidly
and new ECM is being synthesized (Gabbiani 1981). The invading fibroblasts are mostly
derived from the deep layers of the reticular dermis. Early granulation tissue consists of
mostly fibronectin, hyaluronic acid and collagen III (Repesh et al., 1982). The last stage
of wound healing involves remodeling of collagen fibers. Newly formed collagen initially
randomly orients in the granulation tissue matrix and then subsequently become
organized into thick bundles oriented perpendicular to the edges of the wound (Rapesh et
al., 1982). Finally fibroblasts secrete collagenases to break down collagen fibers requiting
reorganization and LO to crosslink the fibers into bundles. The thick bundles of collagen
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constitute a scar that never equals the tensile strength of normal dermal tissue (Hollander
et al., 2003)

Figure 1.6 Stages in wound healing. The first stage of wound healing involves platelet aggregation and
recruitment of leukocytes which secrete growth factors to attract fibroblasts into the wound site. Fibroblasts
then proliferate and generate new ECM. The last stage of wound healing involves intense tissue
remodeling. (http://www.copewithcytokines.de/wounding.gif)

Research Goal
In this study, we aimed to increase crosslinking in collagen and elastin in the

extracellular matrix through overexpression oflysyl oxidase (LO) in order to improve
mechanical strength in dermal wounds during healing. We had used a gene activated
matrix (GAM) approach to locally deliver plasmid DNA (pDNA) complexed with
polyethylenimine (PEl) in collagen gels at the wound site for localized and sustained
transfection of cells involved in the healing process. We first demonstrated in vitro that
PEI-pDNA complexes in collagen gels could be taken up and expressed by cultured
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fibroblasts for at least 20 days. In vitro studies showed that fibroblast-seeded GAMs with
the LO transgene exhibited over a 3-fold increase in mechanical strength as compared
with a green fluorescent protein (GFP) -trans gene control. Addition of an inhibitor of LO
abolished this increase. We applied this system in a rat dermal wound healing model and
showed that treatment with LO-producing GAMs led to significantly enhanced
mechanical strength of the wound site.

30

Chapter 2
Evaluation of Different Methods of Gene Therapy

2.1 Introduction
Gene Therapy
Gene therapy is emerging as a potential strategy for the treatment of diseases and
other applications including tissue engineering. Transfection involves introducing foreign
DNA into cells and thus inducing protein expression. Most gene therapy experiments
and clinical trials utilize viral vectors for gene delivery. However, safety concerns
(immunogenicity, potential oncogenicity) and difficult large-scale production limit the
safety of recombinant viral vectors (Armenian et al., 2006; Modlich et al., 2005). An
alternative to viral transfection would be a non-viral delivery system without the safety
and immunogenicity problems. Non-viral gene delivery systems are, however, less
efficient than the viral systems.
Transfer of DNA can be achieved ex vivo which i:~JVolves culturing and
transfecting cells followed by reimplantation into a host. Alternatively, in vivo methods
involve direct delivery of genetic material into the body of an organism. In tissue
engineering, the over-expression of certain genes, such as those encoding growth factors,
is advantageous since the expression of these genes can lead to accelerated tissue repair
and regeneration.
Two major types of transfection are currently used namely viral transfection and
non-viral transfection. Viruses have evolved over the years to become extremely
efficient in delivering their genetic materials into host cells. To make use of these
efficient mechanisms for gene delivery, viruses from several families have been modified
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for the use in gene therapy. These include retroviruses (Cirenei et al., 1998), adenoviruses
(Rosenfeld et al., 1991), adeno-associated viruses (Herzog et al., 1997) and herpes
simplex viruses (Nicolas et al., 2003). Among these, retroviruses have been used in the
majority of clinical trials (Yang et al., 1999; Schilz et al., 2001; Colombo et al., 2005).

Retroviral Transfection
Retroviruses are enveloped viruses that contain single-stranded RNA as the viral
genome (Weiss et al., 1984). During the viral life cycle (Figure 2.1), viral RNA is reverse
transcribed to yield double-stranded DNA that integrates into the host genome and is
expressed over extended periods. The viral genome is approximately 10 kb and
comprises of three genes encoding gag, the core protein; pol, the reverse transcriptase
and intergrase; and env, the viral envelope protein. The termini of the RNA genome are
called long terminal repeats (LTRs) which include promoter and enhancer sequences as
well as sequences involved in integration (Cofin, 1996).

Figure 2.1. Replication cycle of retroviruses. A retrovirus binds to a receptor on the cell surface, enters the
cells, and reverse transcribes the RNA into double-stranded DNA. Viral DNA integrates into the cell
chromosome to form a provirus. Cellular machinery transcribes and processes the RNA and translates the
viral proteins. Viral RNA and proteins assemble to form new viruses, which are released from the cell by
budding. (Hu et al. Pharmacological Reviews 52(4) p495)
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In most gene therapy applications, it is not desirable to deliver a replicationcompetent virus into a patient. Retrorviral systems are therefore designed so that the
viral components are divided into a vector and a helper construct (Figure 2.2). Retroviral
vectors for gene therapy are modified by removing genes necessary for replication while
the helper constructs are designed to express viral genes lacking in the vectors to support
replication. Usually the helper function is provided by helper cells. These helper cells are
engineered to contain integrated copies of gag, pol, and env needed to propagate
retroviral vectors but lack a packaging signal. To produce virions for infection of host
cells, the retroviral vectors can be introduced into helper cells by conventional
transfection methods such as lipofection or electroporation. The double-stranded vector is
then transcribed into an RNA vector containing a packaging signal. The helper cells thus
become capable of packaging and releasing viral particles. These viral particles, however,
are devoid of the ability to replicate inside host cells. Upon infection of target cells with
virions, the viral RNA is reverse transcribed into a DNA copy by reverse transcriptase.
This DNA copy is integrated into the host genome by integrase. This integrated DNA is
called a provirus and becomes a permanent part of the host genome.
Retroviral transfection is mainly done ex vivo due to safety issues such as the
possibility of emergence of virulent viral particles, immunogenicity and insertional
mutagenesis (Purcell et al., 1996; Modlich et al., 2005).
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Figure 2.2. Retroviral vector propagation in helper cells. Helper cells produce the viral proteins that are
used to assemble viral particles containing RNA transcribed from the viral vector. Target cells do not
express viral proteins and cannot generate viral particles containing the vector RNA. ( Hu et al.

Pharmacological Reviews 52(4) p497)

Polycation-aided Transfection
Non-viral methods are generally not as effective as viral methods but are safer to
implement. Some non-viral transfection methods include complexing DNA with
positively charged lipids and polymers and gene transfer using a "gene gun' (Cooper,
1996; Martiniuk et al., 2002). DNA transfection with polycations is often transient in
nature due to lack of intergration of genetic matieral into host genome, as well as lack of
episomal replication. Nonetheless, polycations have shown to facilitate efficient gene
delivery in vitro and in vivo (Thomas and Klibanov, 2003; Sagara and Kim, 2002).
Polyethelenimine (PEl; Figure 2.3) is a polycation widely used in for gene
therapy purpose capable of interacting with and compacting DNA via ionic interaction
(Dunlap et al., 1997).
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Figure 2.3 Chemical structure of branched PEL PEl's cationic nature allows it to bind to negatively charged
phosphate groups on DNA, resulting in DNA compacting and protection. (Kobayashi et al.,
Macromolecules 1987,20, p.1496)

This protects DNA from degradation by nucleases and increases transfection efficiency.
PEl nitrogen to DNA phosphate ratio (N:P) is very critical in transfection efficiency.
Optimal N:P ratio can vary depending on the preparation methods and conditions. PEl
can increase transfection efficiency dramatically when complexed with DNA (Boussif et
al., 1995). In one study, plasmid DNA was complexed with 25 kDa PEl and repeatedly
injected into the lumbar subarachnoid space in the rat spinal cord. With a single injection,
the transgene expression in the spinal cord was 40-fold higher as compared with naked
plasmid DNA. The transgene expression lasted for about5 days, with a lower-level
expression being detectable for up to 8 weeks (Shi et al., 2003). At high doses, however,
PEl can be toxic to cells (Florea et al., 2002). It had been also shown that when
administered together with a soluble protein such as albumin, the amount of PEl-DNA
complexes required for the same expression level was greatly reduced (Orson et al.,
2002). This helps to decrease the chances of cytotoxicity and gives PEl-pDNA
complexes an advantage to be used with the presence of serum.
Complexes of cationic vehicle and DNA may interact with the ECM components,
such as proteoglycans, after administration. Proteoglycans consist of a core protein
covalently linked to one or more sulfated or carboxylic glycosaminoglycans (GAGs) and
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might bind the positively charged DNA complexes, affecting their mobility in tissue
(Ruponen et. al., 2003). Usually, in vivo gene transfer is less efficient than in vitro and
also not well predicted by in vitro results (Egilmez et al., 1996).

Gene-activated Matrix (GAM)
Controlled release of plasmids and proteins is an alternative way of delivering
these bio-drugs besides the conventional way of bolus delivery. Potential advantages of
controlled release include (i) drug levels maintained within a desirable range (ii) decrease
of dose and number of dose needed (iii) localized delivery to target a particular tissue or
cell type to avoid adverse side effects and (iv) better control of bioactivity ofthe drug.
Controlled release can maintain elevated DNA concentrations in the cellular
microenvironment and therefore, can improve gene delivery. Controlled release systems
typically employ polymeric biomaterials that deliver vectors by polymeric release or
substrate-mediated delivery. For polymeric release, DNA is first entrapped within the
biomaterial and released into the environment through a cumbination of diffusion and
polymeric degradation. Substrate-mediated delivery, on the other hand, involves
immobilizing DNA to a biomaterial or ECM, which functions to support cell adhesion as
well as migration and places DNA directly in the cellular environment. Cells cultured on
the substrate can internalize the DNA either directly from the surface or by degrading the
linkage between the vector and the material. In this study, we utilize a substrate-mediated
delivery system, in this case also called a gene-activated matrix (GAM) to provide sustain
presentation of DNA to local cells.
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GAM is a relatively new idea for cell transfection. GAM is assembled by
embedding plasmid DNA inside a matrix (eg. collagen) that serves to retain the plasmid
DNA. The matrix is "activated" when local cells take up the DNA and express the protein
they encode for. GAM emerged as an alternative for drug delivery as well as a system to
circumvent the problem of repeated administration ofplamids (Fang et al., 1996;
Kyriakides et al., 2001; Huang et al., 2005). Very often, biofactors encapsulated in
micro spheres are released into the blood stream over a period of time. There is often a
burst release followed by a sustained release. However, to achieve sustained release, the
amount ofbiofactors encapsulated to begin with has to be very high and this in many
cases leads to cytoxicity. Growth factors and other proteins are constantly being
degraded by proteolytic enzymes and it is very hard to maintain their bioactivity for a
long period of time. Moreover, the production of such delivery system is very costly.
GAM overcomes some of these difficulties by having local cells or embedded cells
gradually take up plasmids and express the genes over a long period of time. Proteins are
secreted constantly and are less likely to lose their bioactivity. Furthermore, repeated
administratin of plasmids is not needed since plamids are mostly retained inside the
matrix and there is only minimal loss to the surroundings and circulation.
Though not extensively researched, GAM has been shown to be surprisingly
effective in the few models tested. In a wound healing model, 20-50% of available canine
wound healing cells were transfected 3 weeks after implantation of a collagen sponge
GAM loaded with lmg of plasmid DNA. Plasmid-gene retention and expression by
fibroblasts was documented for at least 6 weeks, and lmg of plasmid DNA yielded
pictogram amounts of recombinant peptide expressed over at least a 2 week period
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(Bonadio et al., 1999). GAM has also shown promising results in a bone regeneration
model. In one study done by the same group, a critical-size defect (2 x 0.8 x 0.8 em) was
created in the beagle tibia. GAM implants were formulated with a plasmid-gene encoding
parathyroid hormone (PTH) embedded in a collagen sponge. Bone regeneration was not
induced at lower DNA doses (1-2 mg DNA). However, a significant bone regenerative
response was observed in all dogs receiving a higher dose (40 and 100 mg DNA). It was
observed that GAMs containing 100 mg DNA induced new bone formation and complete
healing over a period of 6 months (Bonadio et al., 1999).
Potential barriers to efficient gene delivery in GAM include degradation and
inacitivation of plasmid DNA by nucleases in blood (Zelphati et al., 1998)), poor
attachment of vector to plasma membranes (Schaffer et al., 1998), vector degradation in
endosomes (Boussif, 1995) and poor vector nuclear localization (Zanta et al., 1999). To
further optimize the GAM system, it is therefore important to stabilize DNA inside the
GAM so that it could be taken up gradually taken up by local cells. Cationic dendrimers,
peptides, proteins and lipids bind non-covalently to plasmid DNA and can provide a
mechanism to increase gene transfer efficiency and plasmid stability in a GAM.
In this study, we performed preliminary experiments to evaluate the efficacy of
different transfection methods for use in this thesis work.

2.2 Methods and Materials
Cell Culture
Vascular smooth muscle cells (VSMCs) were isolated from the thoracic aortae of
adult Sprague-Dawley rats. SMCs (passage 3-6) and human dermal fibroblasts (HDFs),
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obtained from Clonetics (San Diego, CA), were maintained in low glucose (1 giL)
Dulbecco's modified Eagle's medium (DMEM, Sigma) that contained 10% fetal bovine
serum (FBS, Whitaker), 2 mM of L-glutamine, 1 unit/ml of penicillin, and 1 llg/ml of
streptomycin (GPS, Sigma). lOTl/2 cells (mouse vascular progenitor cells) were obtained
from ATCC and were cultured in in low glucose (1 g/1) Dulbecco's modified Eagle's
medium (DMEM, Gibco), supplemented with 10% heat inactivated fetal bovine serum.
They were used from passage 11 to 19. HUVECs (passage 3-6) were obtained from
ATCC and were maintained in ATCC endothelial growth media. Cell number was
determined by Coulter counter (Beckman Coulter, Multisizer™ 3).

Amplification and Purification of plasmid DNA
Human VEGF 165 (hVEGF 165 ) and green flurorescnet protein (GFP) eDNA were cloned
into a retroviral expression vector (PLE-Nl; Clonetech). hVEGF eDNA was kindly
provided from Dr. Shay Soker (Harvard Medical School}. Escherichia coli (E. coli) was
transformed with the vector and the vector was amplified by culturing E. coli overnight.
Plasmid DNA was extracted by Plasmid Midi Kit (Qiagen).

Assembly of GAMs
Synthesis of PEl-DNA complexes: PEl solution (MW=25,000, Aldrich) was added
dropwise to 120 llg ofpDNA at a molar ratio (N:P ratio) of either 7.5:1 or 4.5:1 since
these are within the range of ratios reported to work in the literature (Shi et al., 2003). We
had also tried the ratio 10.5:1 but huge aggregates were formed and this set was
discarded. The mixture was then incubated for 30 min at room temperature.
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Synthesis of Collagen gels with PEl-DNA complexes and cells: Collagen gels were
fabricated by mixing bovine dermal collagen (3 mg/ml, Vitrogen) solubilized in 0.012 N
hydrochloric acid (HCl), lOX phosphate-buffered saline (1.3 M NaCl, pH 7.4) and
NaOH (0.1 N) at 8:1:1 volumetric ratio respectively. 6x106 SMCs were mixed with PElDNA and collagen to make up a solution of a final volume of 6 ml. 2 ml of the resultant
solution was placed in 12-well plate wells and incubated for 1.5 hrs at 37 °C to induce
gelation. DMEM was then added to each well. Samples were then transferred to an
incubator (37 °C, 5% C02). For the GAMs with naked pDNA (20 ~g/ml), the same
procedure was followed except that DNA was not coupled to PEl. Conditioned media
was collected every 3 days. Concentration of VEGF was determined by ELISA as
described below.

Cytotoxicity Assay

100

~1

of Polyethyleneimine (PEl, M.W. 25,000, Sigma) or 100

M.W. 20,000, Sigma) was complexed to 100

~1

of pDNA (120

~1

of polylysine (PLL,

~g)

at an N:P ratio of

4.5:1 or 7.5:1 by drop-wise addition of polymer to DNA solution. The resultant solution
(200

~1)

was added to wells in 6-well plates seeded with 50,000 cells at day 0. Cells were

trypsinized and counted after 3 days to evaluate cell survival.

Production of Retroviral Particles

5

~g

DNA (VEGF or GFP) and 5

~g

DNA coding for vesicular stomatitis virus G

(VSVG) protein were mixed in sterile water in a total volume of 100
added drop by drop to a 50 mM CaCh solution. 52

~1

~1.

This mixture was

of 2M CaC12 was then added to the
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solution and this was in turn added to 500 J..Ll of Hank's Balanced Salt Solution (HBSS).
The entire volume was then added to Phoenix cells grown to appf<lximately 90%
confluence and incubated for 6 hr before media was refreshed. Viral particles were
collected from the media after 2 days of culture.

Retroviral Transfection of SMCs and lOTl/2 Cells
Viral particles were produced by transducing Phoenix cells with two vectors coding for
VEGF and VSVG envelope protein. To virally transfect SMCs or lOTl/2 cells, cells were
seeded at 75,000 cells/well in 6-well plates. 1 ml of retroviral vectors and 1 J..Ll of
polyprene (5 mg/ml) were added to each well. Media was replaced with fresh DMEM
after 24 hr. Transfected cells were then selected by exposure to the antibiotic 500 J..Lg/ml
G418 for 10 days.

VEGF Quantification by ELISA
A human VEGF ELISA kit (R&D systems) with a polyclonal antibody against VEGF
was used to determine the VEGF concentration in the media samples collected in the
experiment described above. Recombinant human VEGF 165 was used to prepare a
standard curve ranging from 0 to 1000 pg/ml. Conditioned media was collected from
culture wells with GAMs or retrovirally-transfected SMCs. Each sample c~ntained 200 ul
of conditioned media. Concentration of VEGF was detected by a polyclonal antibody
against VEGF conjugated to horseradish peroxidase using a hydrogen peroxide
chromogen substrate and measured at a wavelength of 450 nm by microplate reader (BioTek Instruments, Inc.).

41

Determination of Cell Viability

GAMs were formed above and maintained in culture for 3 days. Samples (GAMs) were
rinsed for 10 min with PBS (1 mllgel) 1.13 JlL of calcein AM (Molecular Probes, OR)
and 2.25 JlL ethidium homodimer (Molecular Probes, OR) were added to 4.5 ml PBS
according to the kit instructions. Each gel was incubated with 1ml of this solution for 30
min. Samples were then rinsed with PBS for 5 min and imaged for fluorescence (Zeiss
Axiovert 135). Live cells fluoresce green due to conversion of the non-fluorescent cellpermeable calcein AM to the intensely fluorescent calcein by esterases, and dead cells
fluoresce red because ethidium homodimer enters cells with damaged membranes and
undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids. The
percentage of viable cells was calculated by divided the number of green cells by the

s~m

of green and red cells.

Proliferation Study with HUVECs

Co-culture in transwell system
70,000 HUVECs were seeded in the bottom of a Transwell 6-well plate (Corning) with
pore size of 8 Jlm. 1 x 106 SMCs (VEGF-trasnfected or GFP-transfected) were
encapsulated in collagen gels by mixing 1 ml of cell solution, 0.5 ml of 0.1 N NaOH, 0.5
ml of 1OX PBS and 4 ml of collagen and incubating in oven until gelation occurred.
These were places in the inserts for co-culture experiment. An anti-VEGF IgG (1 Jlg/ml,
Sigma) was added for neutralization of VEGF in some samples sets. The number of
HUVECs was counted on the third and fifth day to assay for proliferation.
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Statistical Analysis
All data are presented as mean ± standard deviation (SD). Analyses of data were
performed using one-way ANOVA and post-hoc two-tailed, unpaired t-tests. Differences
at p < 0.05 were considered to be statistically significant.

2.3 Results
Polycation-aided Transfection
Cytotoxicity ofPLL-pDNA and PEI-pDNA complexes
Polylysine-pDNA (PLL-pDNA) complexes were tested for cytotoxicity on
fibroblasts. Number of fibroblasts was significantly less than control after 3 days of
incubation with PLL-pDNA (Figure 2.4, p < 0.01) at both N:P ratios. On the other hand,
fibroblasts incubated with PEI-pDNA complexes over 3 days showed less cytotoxicity
(Figure 2.5). At N:P ratio of7.5:1, there was no significant difference in cytotoxicity as
compared with control (p = 0.2) . However, at N:P ratio of 4.5: 1, there was significant
difference in cytotoxicity as compared with control (p < 0.03) although survival was
much better was compared with that in the experiment using PLL-pDNA complexes at
the same N:P ratio.
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Figure 2.4. Cytotoxicity ofPLL-pDNA complexes on fibroblasts. Survival of fibroblasts was significantly
reduced as compared with control when incubated with PLL-pDNA for 3 days complexes at N:P ratio of
4.5:1 (n =3, p < 0.01) and 7.5:1 (n = 3, p < 0.01).
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Figure 2.5. Cytotoxicity ofPEI-pDNA complexes on fibroblasts. Survival of fibroblasts was comparable
with control when incubated with PEI-pDNA complexes for 3 days at N:P ratio of7.5:1(n =3, p = 0.2).
However, Survival was reduced when fibroblasts were incubated with PEI-pDNA complexes at N:P ratio
4.5:1 (n = 3, p<0.03).
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PEl was therefore chosen as the polycation for aiding transfection and N:P ratio
of 7.5: 1 was chosen for subsequent experiments since cytotoxicity seemed to be lower at
this N :P ratio. GAMs with VEGF trans gene were fabricated as mentioned in M&M
section. Complete gelation of collagen gels occurred after 1.5 hours, entrapping cells and
PEI-pDNA complexes inside. We visualized entrapped fibroblasts using calcein AMstain after 1 week of culturing (Figure 2.6a). Fibroblasts remained inside of GAMs and
survived well with the presence ofPEI-pDNA complexes. Fibroblasts took on a "spread"
morphology. We also performed staining with ethidium homodimer and observed some
but not significant cell death (Figure 2.6b).
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Figure 2.6 Live/dead Stain on fibroblasts in GAMs. (a) Entrapped fibroblasts visualized by calcein AM in
GAMs after 1 week of culturing. Most fibroblasts were in s spreaded morphology and survived well in
GAM. (b) Dead fibroblasts in GAMs visualized by ethidium homodimer after 1 week of culturing. A few
dead cells were observed but were of a very small percentage.

Efficacy ofVEGF-producing GAMs with fibroblasts
We wanted to investigate the release profile of VEGF from VEGF -producing
GAMs and if our system could enhance the amount of VEGF produced by fibroblasts
which normally produce VEGF even ·without stimulation. The amount ofVEGF
produced by VEGF-producing GAMs was enhanced at all time points from 12 up to 27
days as compared with control (Figure 2.7. p < 0.03), most significant at 24- and 27-day
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time points (p < 0.01). However, at the 30-day time point, the amount ofVEGF from
VEGF-producing GAMs actually decreased to a level comparable with control.
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Figure 2.7. Enhanced release ofVEGF by VEGF-producing GAMs over 27 days. Production ofVEGF
was significantly increased from 12 days up to 27 days (n = 3, p < 0.03), with 2 time points having more
than 2-fold increase in VEGF production (n = 3, p < 0.01).

Retroviral Transfection
Expression Stability
SMCs were transfected with VEGF transgene by retroviral particles and
expression of VEGF trans gene was found to be stable over at least 4 passages after
selection with G418 for 10 days (Figure 2.8, p > 0.1 from ANOVA).
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Figure 2.9. VEGF expression in retrovirally-transfected 10Tl/2 cells over 4 passages. VEGF production
was quantitated by ELISA. Expression remained stable over 4 passage with approximately 1.5 ng ofVEGF
produced per 1 x 106 cells (n =3, p > 0.1 from ANOVA).

Effect of overexpression ofVEGF in SMCs on HUVECs
To see if the VEGF produced was bioactive, we investigated its effect on proliferation of
HUVECs. When co-cultured with VEGF-producing SMCs, HUVECs exhibited
enhanced proliferation over 5 days, at both 3-day and 5-day time points (Figure 2.1 0, p <
0.001). The increase in proliferation was abolished when an anti-VEGF antibody was
added (p < 0.001).
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Figure 2.10 Enhanced proliferation ofHUVECs when co-cultured with VEGF-producing SMCs
encapsulated in collagen gels both at 3-day and 5-day time points as compared with control (n=3, p <
0.001). GFP-trasnfected SMCs were used as control. Addition of an anti-VEGF antibody completely
abolished the increase in proliferation (n=3, p < 0.001).

2.4 Discussion

Our results showed that expression of trans gene remained stable over a long
period when cells were transfected retrovirally. This is because the transgene was
incorporated into the cell genome and therefore was resistant to degradation by nucleases.
Our results also showed that the level of expression might be different in different cell
types. In our case, SMCs seemed to produce more VEGF than lOTl/2 cells after
retrovirally transfected. We had done a thorough selection oftransfected cells by
selecting them with G418 for 10 days. Over 95% ofthe cells contained the transgene so
the difference in level of expression should not be due to difference in the number of
trasnfected cells. In fact, lOTl/2 cells proliferate a lot faster than SMCs and transfection
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efficiency should had been higher initially since retroviruses can only transfect
proliferating cells. It is encouraging that proliferation HUVECs was enhanced when cocultured with VEGF-producing SMCs. This showed that the VEGF produced was
bioactive and provided a basis for a lot of the experiments in our later work. Although
SMCs could potentially migrate to the other side of the insert membrane, their attachment
to collagen made this migration negligible. Since this method of transfection leads to long
term expression of gene of interest, we decided to explore a method that leads to transient
expression of the transgene. This usually means that we have to look for non-viral
transfection methods and these typically have expression duration of less than 2 weeks. In
this study we developed a gene-activated matrix system that enabled the trans gene to be
expressed for almost one month.
Polycations have long been used as aids for more effective non-viral transfection.
However, they are also associated with cytotoxicity. In this study, we investigated
complexes formed by PLL and PEl with pDNA and our results showed that PLL is by far
more toxic to fibroblasts. PEl also showed cytotoxcity towards fibroblasts at a lower N :P
ratio of 4.5: 1. This might be due to more free PEl present in the media. Since PEI-pDNA
complexes showed relatively less toxicity towards cells at N :P ratio of 7.5:1, we decided
to use PEI-pDNA complexes made at this ratio for further experiments in our thesis
work. Staining showed that fibroblasts were surviving well with the presence ofPEIpDNA complexes when they are both embedded in GAMs.
Collagen was chosen as the biomaterial for the GAM because it is one of the most
common biomaterials in tissue engineering, very biocompatible and conducive to cell
attachment as well as survival. These are all important factors to consider for our in vivo
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experiments. Moreover, The GAM we developed was reasonably easy to fabricate and
can be assembled within a short time.
Our results showed that the amount of VEGF produced by fibroblasts could be
enhanced by embedding them in GAMs with VEGF trasngene. This allowed them to
gradually take up the trans gene as they migrated through the collagen matrix. No
enhancement in expression was seen until after day 12. This might be because it took
time for the fibroblasts to migrate and finally encounter PEI-pDNA complexes for
endocytosis. The time lag before expression of protein might be shortened if fibroblasts
were seeded at higher density to expediate the uptake ofPEI-pDNA complexes.
Alternatively, higher doses of complexes could be embedded initially. However, after 12
days, significant increase in VEGF production was observed in VEGF-producing GAMs
as compared with control which also produced substantial amount of VEGF because
fibroblasts produces VEGF intrinsically. It would be interesting to investigate the same
effect in a cell type that does not express VEGF intrinsically. The enhancement in VEGF
production persisted up to 27 days showing that fibroblasts were gradually uptaking and
expressing the trans gene. This also showed that collagen acted as a good matrix for
capturing and retaining PEI-pDNA complexes. Diffusion ofPEI-pDNA complexes would
depend on their affinity for collagen as well geometry of the collagen scaffold (Scherer et
al., 2002). The release kinetics is different when different biomaterials are used and the
duration ranges from days to months (Scherer et al., 2002; Jong et al., 1996; Shea et al.,
1999). Numerous strategies can be applied to prolong the release period. For instance,
cationic groups can be attached to the material to promote DNA binding or,
complementary binding sites could be incorporated into both substrate and vehicle.
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Overall, preliminary results showed that the GAM system seemed to be a feasible
way of delivering gene of interest for local cells to express. We hoped that this method
would provide a transient yet long enough duration of expression for us to see its
effectiveness in our in vivo work.
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Chapter 3
A Gene Therapy Approach for Enhanced Endothelialization of Collagen-based

Vascular Grafts

3.1 Introduction
Tissue Engineered Vascular Grafts (TEVGs)
Coronary heart disease is one of the most prevalent heart diseases. It is estimated

'

there are more than 71 million Americans with one or more forms of cardiovascular
disease (CVD) with approximately 15 million cases being coronary heart disease in 2005
(www.americanheart.org). Interest in the use of tissue engineered vascular grafts
(TEVGs) for bypass surgery has greatly increased due to lack of availability of biological
grafts as well as the problems associated with synthetic grafts as discussed in Chapter 1.
In particular, endothelial coverage of all synthetic grafts is limited to the perianstomotic
regions and the middle of a graft is mostly covered by a thrombus containing fibrin,
platelets and leukocytes due to lack of an anti-thrombogenic surface (Merhi et al., 1997).
TEVGs offered a solution for that by incorporating ECs on its luminal surface.
One of the first TEVGs developed was based on a collagen type I scaffold
supported by a Dacron mesh to provide the required mechanical strength (Weinberg et
al., 1986). In this model, bovine ECs, SMCs and fibroblasts were used to construct a
multi-layered vascular graft. Although the mechanical strength of this model was
significantly lower than that of a native coronary artery, it nonetheless demonstrated that
collagen can be used as a three-dimensional scaffold to support vascular cell growth. In a
different approach, without passaging cells, SMCs and fibroblasts were cultured for
prolonged periods (> 3 months) independently without a scaffold material to allow for
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robust cell proliferation and matrix deposition and then rolled into sheets around a
mandrel. Finally, ECs were seeded into the lumen forming a 3-layered vascular graft. In

vivo, this graft had a 50% patency rate at one week after implantation (L'Heureuz et al.,
1998). Though still under development, TEVGs have shown some promising results and
may be put to clinical use in the near future.
One of the challenges faced by TEVGs, synthetic grafts and, to lesser extent,
biological grafts is inadequate endothelialization (Qing et al., 2005; Sasaki et al., 2000;
Malone et al., 1975). Shear stress under physiological conditions causes endothelial cells
that were seeded on the surface of these grafts to slough off and the ones retained on the
surface are unable to replenish the loss without the stimulation of growth factors. This
often leads to thrombogenic events and intimal hyperplasia at anastomoses (Bassiouny et
al., 1992). Therefore, maintenance of a confluent layer of ECs on the luminal surface of
the grafts is crucial to an extended patency.

Collagen-based Scaffold as Gene-activated Matrix (GAM)
A TEVG ideally should consist of 3 layers of cells as in a natural blood vessel,
namely ECs, SMCs, and fibroblasts with fibroblasts being the outermost layer. The
SMCs contribute much to the mechanical strength ofthe grafts and make up most of a
TEVG. One approach to continuously deliver VEGF to the EC monolayer is for the
SMCs in close proximity to produce the growth factor continuously and allow diffusion
of the growth factor to the EC monolayer.
VEGF is among the various growth factors that promote EC survival,
proliferation and migration and has a high specificity toward vascular EC (Leung et al.,
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1989). VEGF is a very crucial growth factor for promoting many of the events necessary
for angiogenesis (Connolly et al., 1991, Ferrara et al., 1992, Senger et al., 1986) and
development of the cardiovascular system (Gluzman-Poltorak et al., 2000)
VEGF is a 46 kDa protein made up 2 identical subunits. To date, 5 isoforms of
VEGF generated by alternate splicing have been found: VEGFm, VEGF 145 , VEGF 165 ,
VEGF 189 and VEGFzo6 (Cohen et al., 1995). They differ in their ability to bind to heparan
sulfate proteoglycans in the extracellular matrix. The smaller isoforms are soluble while
"'"

the larger ones remain associated with cells before being activated by proteolysis. In
particular, VEGF 165 contains only one of the two heparin-binding domains present in
VEGF1 89 and has a moderate affinity to heparin (Tessler et al., 1994). VEGF binds to two
tyrosine kinase receptors: VEGF receptor- I and VEGF receptor-2 (Seetharam et al.,
1995, Neufeld et al., 1999). VEGF receptor-2 seems to mediate proliferation and
migration ofECs (Matsumoto et al., 2001; Nakopoulou et al., 2002) whereas VEGF
receptor-! may have a negative role, either by acting as a decoy receptor or by
suppressing signaling by VEGF receptor-2 (Zeng et al., 2001; Bussolati et al., 2001).
The signaling pathway of VEGF is only partially understood but the mitogen-activated
protein kinase (MAPK) pathway and protein kinase C (PKC) pathway have been shown
to be heavily involved (Wu et al., 1999). In particular, a very important downstream
target of this signaling pathway is endothelial nitric oxide synthase (eNOS) whose
expression is elevated upon activation ofVEGF receptor-2 leading to increase in nitrix
oxide (NO) production (Shen et al., 1999). NO is a molecule known to induce endothelial
cell proliferation (Ziche et al., 1994).
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Figure 3.1. Signaling pathways activated by VEGF in EC. VEGF receptor activation can induce activation
of the MAPK cascade via Raf stimulation leading to gene expression and cell proliferation, activation of
PI 3K leading to PK.B activation and cell survival, activation of PLC-y leading to cell proliferation,
vasopermability and angiogenesis. (Adapted from www.sigmaaldrich.com)

Since SMCs do not produce VEGF, they have to be genetically engineered for our
purpose. Stimulation of ECs is only needed for complete endothelialization to occur and
prolonged expression VEGF might lead to adverse results such as tumorigenesis. Thus,
we desire extended but not permanent expression of the trans gene product. Matrices
known as GAMs are capable of retaining plasmid DNA (pDNA) and thus provide an
alternative method for local protein delivery by allowing local cells to migrate through
the matrix, gradually take up the retained pDNA and express of the protein of interest.
This leads to continual and prolonged production of proteins. Recent efforts in repairing
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bone fracture using GAMs have generated promising results (Bonadio et al., 1999).
However the desired efficacy was only attained with very high dose of pDNA(l 00 mg).
Naked pDNA on its own has very low transfection efficiency due to degradation
by nucleases as well as repulsive ionic interaction with cell membrane. Polycations have
been shown to greatly increase transfection efficiency (Haensler et al., 1993; Kawai et al.,
1984; Thomas et al., 2003). Polyethyleneimine (PEl) is a polycation widely used for gene
therapy purposes (Godbey et al., 1999; Boussif et al., 1995; Pollard et al., 1998). It is
capable of interacting with and compacting DNA via ionic interaction (Dunlap et al.,
1997). This protects DNA from degradation by nucleases and increases transfection
efficiency via favorable ionic interaction with cell membrane. Transfection with such
DNA-PEl complexes is of a transient nature which is desirable in many applications.
Introducing these complexes in GAMs might increase their effectiveness as compared
with using naked pDNA.
In this study, we wanted to investigate the potential of making collagen as both
scaffolding, which is a commonly used biomaterial for TEVGs, and a GAM to locally
generate VEGF for enhanced endothelialization. We hypothesized that collagen matrices
could be used to retain pDNA-PEI complexes for gradual uptake by local cells and this in
tum would lead to a continual production of the protein of interest. We also hypothesized
that production ofVEGF would increase gradually over time until pDNA in the matrix is
consumed which leads to prolonged expression of the protein. We investigated a GAM
with the combination ofSMCs and VEGF pDNA to evaluate the potential of using this
system as the scaffold for a TEVG with the goal of enhancing endothelialization. This
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gene delivery system might also be applicable to various processes that involve
angiogenesis, such as wound repair and treatment of ischemic diseases.

3.2 Materials and Methods
Cell Culture
Vascular smooth muscle cells (SMCs) were isolated from the thoracic aortas of adult
Sprague-Dawley rats. SMCs (passage 3-6) were maintained in low glucose (1 g/1)
Dulbecco's modified Eagle's medium (DMEM, Sigma) that contained 10% fetal bovine
serum (FBS, Whitaker), 2 mM of L-glutamine, 1 unitlml of penicillin, and 1 J.lg/ml of
streptomycin (GPS, Sigma). HUVECs (passage 3-6) were obtained from ATCC and
were maintained in ATCC endothelial growth media. Cell number was determined using
a Coulter counter (Beackman Coulter, Multisizer™ 3).

Amplification and Purification of Plasmid DNA
Human VEGF 165 (hVEGF 165 ) and green fluorescent protein (GFP) eDNA were cloned
into a retroviral expression vector (PLE-N1; Clonetech). hVEGF eDNA was kindly
provided from Dr. Shay Soker (Harvard Medical School). Escherichia coli (E. coli) was
transformed with the vector and the vector was amplified by culturing E. coli overnight.
Plasmid DNA was extracted using a Plasmid Midi Kit (Qiagen).

Dose-dependent Effect of VEGF on HUVECs
70,000 HUVECs were seeded in each well in 6-well plates initially and were treated with
1, 2, 5, 10, 30 ng/ml of human recombinant VEGF16s (Sigma) for up to 5 days. Untreated
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wells with plain media served as control. HUVECs were trypsinized and counted on the
third and fifth day to assay for proliferation.

Assembly of GAMs

Synthesis of PEl-DNA complexes: PEl solution (MW=25,000, Aldrich) was added
dropwise to 120 J.tg of pDNA at a molar ratio of either 7.5:1 or 4.5:1 since these are
within the range of ratios reported to work in the literature (Shi et al., 2003). We had also
tried the ratio 10.5:1 but huge aggregates were formed and this set was discarded. The
mixture was then incubated for 30 min at room temperature.
Synthesis of Collagen gels with PEl-DNA complexes and cells: Collagen gels were
fabricated by mixing bovine dermal collagen (3 mg/ml, Vitrogen) solubilized in 0.012 N
hydrochloric acid (HCl), lOX phosphate-buffered saline (1.3 M NaCl, pH 7.4) and
NaOH (0.1 N) at 8:1:1 volumetric ratio respectively. 6x10 6 SMCs were mixed with PElDNA and collagen to make up a solution of a final volume of 6 ml. 2 ml of the resultant
solution was placed in 12-well plate wells and incubated for 1.5 hrs at 37 °C to induce
gelation. DMEM was then added to each well. Samples were then transferred to an
incubator (37 °C, 5% C0 2). For the GAMs with naked pDNA (20 J.tg/ml), the same
procedure was followed except that DNA was not coupled to PEL Conditioned media
was collected every 3 days. Concentration of VEGF was determined by ELISA.

Determination of Cell Viability

GAMs were formed above and maintained in culture for 3 days. Samples (GAMs) were
rinsed for 10 min with PBS (1ml/gel) 1.13 J!L of calcein AM (Molecular Probes, OR) and
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2.25 IlL ethidium homodimer (Molecular Probes, OR) were added to 4.5 ml PBS
according to the kit instructions. Each gel was incubated with 1ml of this solution for 30
min. Samples were then rinsed with PBS for 5 min and imaged for fluorescence (Zeiss
Axiovert 135). Live cells fluoresce green due to conversion of the nonflurescent cellpermeable calcein AM to the intensely fluorescent calcein by esterase, and dead cells
fluoresce red because ethidium homodimer enters cells with damaged membranes and
undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids. The
percentage of living cells was calcufated by divided the number of green cells by the sum
of green and red cells.

DNA Assay

Polyethyleneimine (M.W. 25,000, Sigma) and polylysine (M.W. 20,000, Sigma) was
complexed to 120 llg pDNA at an NIP ratio of 7.5 by drop-wise addition of polymer to
DNA solution. GAMs were made as described above. Control gels were made with naked
pDNA instead of complexes. Samples were collected at 9 pre-determined time points
over 27 days and were later hydrolyzed in 2 ml of 0.1 N NaOH over night. 2 ml of 0.1
HCl was then added for neutralization. 200 Ill of each sample was added to 800 Ill of TE
buffer (lOmM Tris-HCl, pH 8.0, 1 mM EDTA). 100 Ill of PicoGreen dye reagent was
added to 19.9 ml of TE buffer and 1ml of this mixture was added to each sample and
incubated in dark for 5 minutes at room temperature. The PicoGreen dye reacted with
double stranded DNA and formed complexes that gave out fluorescence. Fluorescence
was monitored using a spectrofluorometer at excitation and emission wavelengths of 480
nm and 520 nm, respectively.
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VEGF Quantification by ELISA

A human VEGF ELISA kit (R&D systems) with a polyclonal antibody against VEGF
was used to determine the VEGF concentration in the media samples collected in the
experiment described above. Recombinant human VEGF 165 was used to prepare
standards ranging from 0 to 1000 pg/ml. Conditioned media (200 J.tl) was collected from
culture wells with GAMs every 3 days. Concentration of VEGF was detected by a
polyclonal antibody against VEGF conjugated to horseradish peroxidase using a
hydrogen peroxide chromogen substrate and measured at a wavelength of 450 nm by
microplate reader (Bio-Tek Instruments, Inc.).

Proliferation Studies with HUVECs

Co-culture in transwell system
70,000 HUVECs were seeded at the bottom in a Transwell 6-well plate (Coming). GAMs
fabricated as described above were placed on the inserts with pores size of 8 J.tm. This
allowed VEGF produced by VEGF -producing GAMs to diffuse through the pores to
reach HUVECs at the bottom. The number of HUVECs was counted on the third and
fifth day to assay for proliferation. Anti-VEGF IgG (lJ.tg/ ml, Sigma) was added as
negative control.

Direct seeding of HUVECs on top of GAMs
GAMs were fabricated as described above. 20,000 HUVECs were seeded on top of each
GAMs. HUVECs were trypsinized and counted on the third and fifth day to assay for
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proliferation. Since SMCs resided in the GAMs were firmly attached to collagen three
dimensionally, it took a longer time for trypsin to detach them from collagen as compared
with HUVECs which were only in contact with collagen on one plane. A trypsinization
process of 3 min only allowed HUVECs to detach from collagen but not SMCs. We
vertified this by reseeding the trypsinized cells in our preliminary studies. We observed
only HUVECs after reseeding until we increased duration of trypsinization up to more
than 6 mins. A mixed of HUVECs and SMCs were observed when trypsinization
duration went longer than 6 min. 'Anti-VEGF IgG (1 f.lg/ml, Sigma) was added as
negative control.

Migration of ECs in Co-culture System

Conditioned media obtained from GAMs were collected and placed in each well in a 6well plate below an insert. 200,000 HUVECs were seeded on top of an insert in each well
and were allowed to migrate through the 8 f.Lm pores in the insert membranes to the other
side of the membrane. Mitomycin C was added at 0.5 f.lg/ml to inhibit proliferation for
accurate assessment of migration. HUVECs on top and bottom of insert membranes were
trypsinized and counted at the end of 3 days after seeding. The percentage migrated was
calculated by dividing the number of cells at the bottom of the insert membrane by the
sum ofthe number of cells obtained from both sides of the membrane. Anti-VEGF IgG (1
f.lg/ ml, Sigma) was added as negative control.
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Statistical Analysis
All data are presented as mean ± standard deviation (SD). Analyses of data were
performed using one-way ANOVA and post-hoc two-tailed, unpaired t-tests. Differences
at p < 0.05 were considered to be statistically significant.

3.3 Results
Effect of VEGF on HUVECs
Proliferation of HUVECs in response to the presence of VEGF was dose-dependent
(Figure 3.2, p < 0.0001 from ANOVA). Our study showed that even 1ng /ml ofVEGF
was enough to have an effect on the proliferation of HUVECs. The effect progressively
increased from 1 ng /ml up to 10 ng /ml and a dose of 30 ng/ ml had the same effect as a
does of 10 ng/ml. This agrees with the literature that as low as 0.1 ng/ml ofVEGF has an
effect on NO production in HUVECs in a dose-dependent manner (Hood et al., 1998) and
NO was found to stimulate proliferation in endothelial cells.
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Figure 3.2. Dose-dependent effect ofVEGF on proliferation ofHUVECs. Enhanced proliferation was
shown when as low as 1 ng /ml ofVEGF was used as compared with 0 ng/ml (n = 3, p < 0.001). A doesdependent effect was shown from 1 ng /ml up to 10 ng/ml (n = 3, p < 0.0001 from ANOVA), but it seemed
to plateau at a dose of30 ng/ ml VEGF.

Viability of cells in GAMs with PEl-DNA complexes
DNA content of cells embedded in GAMs showed an increasing trend over 27 days both
in the presence ofPEI-pDNA complexes and control (Figure 3.3, p > 0.05). DNA content
increased from an average of 5.5 Jlg (approximately 2 x 106cells) per sample to an
average of about 8.5 Jlg (approximately 3 x 106cells) per sample showing that cells are
viable in the GAM with the presence of PEl-DNA complexes at the concentration we
used. However, cytotoxicity was observed in GAMs with PLL-pDNA complexes (Figure
3.3, p < 0.01). In GAMs loaded with PLL-pDNA complexes, DNA content had dropped
to one-third of that in the beginning at the end 27 days.
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Figure 3.3 Comparison of cytotoxicity ofPEI-pDNA complexes and PLL-pDNA complexes on SMCs.
DNA content in GAMs showed low cytotoxicity ofPEI-pDNA complexes on SMCs as compared with
control ( n =3, p > 0.05). SMCs were proliferating with the presence ofPEI-pDNA complexes over 27 days
while exhibiting cytotoxicity with the presence ofPLL-pDNA complexes as compared with control (n =3,
p < 0.01).

In another approach to investigate viability of SMCs in GAMs, calcein AM/ ethidium
homodimer staining showed that the average percentage of live cells per sample (n =8)
was approximately 85% in the presence ofPEI-pDNA complexes as well as in the
controls. This again confirmed that cells were viable in the presence ofPEI-pDNA
complexes at the concentration we used.

Transfection Efficiency of the Gene-activated Matrix System

SMCs did not intrinsically express VEGF. Our first attempt to transfect SMCs in GAMs
showed that both transfection efficiency and duration of expression of SMCs in collagen
matrix with naked pDNA was very low (Figure 3.4). Expression was very transient and
was barely detectable except one time point at day 9. Maximum concentration ofVEGF
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collected over 3 days was approximately 80 pg/ml and the expression was almost
undetectable by day 12. This experiment was performed in the presence of serum and it
was likely that the pDNA was subjected to degradation by nucleases before they could be
taken up by SMCs.

Day3

DayS

Day9

Day 12

Figure 3.4. Release profile ofVEGF from GAM with naked pDNA. Very low transfection efficiency was
observed. Expression lasted for less than 1 week and and peaked at approximately 80 pg VEGF/ml of
media transiently at day 9. Expression was barely detectable at all other time points up to day 12. (n =2)

When PEI-pDNA complexes were used instead of naked pDNA in GAMs, both the
expression level and duration of expression ofVEGF was greatly enhanced (Figure 3.5).
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Figure 3.5 (a) Release profile ofVEGF from GAM system using PEI:pDNA of7.5:1 (b) Release profile of
VEGF from GAM system using PEI:pDNA of 4.5: 1. The system with PEI:pDNA of 7.5: 1 showed better
transfection efficiency both in terms of expression level and duration. Both systems showed enhanced
transfection efficiency as compared with GAM system with naked pDNA. (n =3)

In the GAM system with PEl: pDNA of7.5:1, the concentration ofVEGF increased up to
day 18 and though it began to decrease after day 18, the expression lasted for more than
24 days. The concentration ofVEGF peaked at 1500 pg/ml and was approximately 780
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ng/ml by day 24. The peak concentration was more than 18 fold higher than the GAM
with naked pDNA and the duration of expression was greatly prolonged.
Two PEl to pDNA molar ratios were investigated: 4.5:1 and 7.5:1 which both fell into the
range of ratios commonly used according to the literature. Our results showed that there
was a difference in both expression level and duration when different ratios were used.
The system with the ratio of 7.5:1 was by far more effective with the maximum
expression twice as much when compared with the other system while expression by day
24 was 10-fold higher (Figure 3.5). This might be due to enhanced ionic interaction
between the more positively charged complexes and the negatively charged cell
membrane. This duration of expression also tended to last longer in the system with
higher PEI:pDNA ratio. We had also tried to form complexes at a PEI:pDNA of 10.5:1.
However, huge whitish complexes were formed, probably due to strong ionic interaction,
at this ratio when PEl solution was added to pDNA and we discarded this system.

Proliferation Studies on HUVECs co-cultured with GAMs
When co-cultured with VEGF-producing GAMs in an insert well system, HUVECs
exhibited significant enhancement in proliferation as compared with control both at 3 day
and 5 day time points (Figure 3.6, p < 0.001). This increase is abolished with the addition
of an anti-VEGF lgG (p < 0.001).
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Figure 3.6 Enhanced proliferation ofHUVECs when co-cultured with VEGF-producing GAMs.
Proliferation was enhanced both at 3 -day and 5-day time point as compared with control (GFP; n = 3, p <
0.001) and negative controls (VEGF + Aby; n = 3, p < 0.001)

In another experiment when HUVECs were seeded directly on top ofVEGF-producing

GAMs, they exhibited also enhanced proliferation as compared with control both at 3-day
and 5-day time points (Figure 3.7, p < 0.001). The addition of an anti-VEGF IgG
completely abolished this increase in proliferation (p < 0.001).
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Figure 3.7. Enhanaced proliferation ofHUVECs seeded directly on top ofVEGF-producing GAMs.
Proliferation ofECs was enhanced both at 3-day and 5-day time points when co-cultured on top ofVEGFproducing GAMs as compared with control (GFP; n = 3, p < 0.001) and negative control (VEGF + Aby; n
=

3, p < 0.001).

Migration study on ECs in co-culture system
When co-cultured with VEGF-producing GAMs, about 15% of the HUVECs seeded on
top of the insert membrane migrated to the other side of the membrane after 3 days while
only approximately 8% of HUVECs seeded on inserts migrated across the membrane in
the control (Figure 4, p < 0.001). The 2-fold increase in migration was probably due to
chemotactic effect ofVEGF on HUVECS. Addition of an anti-VEGF IgG throughout the
experiment abolished this increase in migration observed (p < 0.001).
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cultured with VEGF-producing GAMs. Percentage ofHUVECs migrated was 15% with the presence of
VEGF-producing GAMs over 3 days as compared with 8% of that of control (n =3, p < 0.001). Addition
of an anti-VEGF lgG abolished the increase in migration (n = 3, p < 0.001).

3.4 Discussion
In this study, we developed a collagen-based GAM system which consists of
SMCs and VEGF transgene with the goal ofusing this as the scaffold of a TEVG for
enhanced endothelialization. Our GAMs fulfilled the requirement of a good drug delivery
system and consisted of the following desirable features: (I) high biocompatibility, (II)
sustained release of drug within a desirable range, (Ill) localized release to target cells or
tissues, and (IV) minimal loss ofbioactivity of the drug. As opposed to conventional
drug delivery systems which require a very high initial dosage to achieve the desired
level of drugs, GAMs has the advantage of continual production of the active form of
drug by local cells.
Collagen is highly biocomptiable and is one of the most common materials to
make up the scaffold of a TEVG. It is also considered as a degradable scaffold since it
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can be degraded by collagenases secreted by cells (Pilcher et al., 1997). This can make
room for proliferation of cells in the scaffold over time. Collagen also makes the initial
attachment of HUVECs efficient and HUVECs are known to anchor and survive well on
this substrate (Montanez et al., 2002; Xu et al., 2001). We showed that by encapsulating
PEI-pDNA complexes, a collagen matrix can serve both as a scaffold for lodging of cells
as well as a gene delivery system. Since SMCs make up the major component of a blood
vessel or TEVG, we wanted to genetically manipulate this cell type to overexpress VEGF
to enhance proliferation and migratio:d of endothelial cells which are of close proximity
ina TEVG.
Our study showed that transfection efficiency in SMCs was very low by naked
pDNA. This could be due to intrinsic endocytotic behavior of SMCs, degradation of
pDNA by nucleases in serum and repulsive ionic interaction between pDNA and cell
membranes. To enhance efficiency of our GAM system, we chose to use PEl for
polycation-aided transfection.
PEl has been widely used in various applications in the past decades and has been
shown to increase transfection efficieincy in numerous cell lines and tissues (Shi et al.,
2003, Zanta et al., 1997, Horbinski et al., 2001). PEl possesses extensive lysosome and
endosome buffering capacity and this prevents pDNA from lysosomal degradation. PEl is
also capable of protecting DNA from degradation by nucleases and interacting favorably
with cell membrane with its net positive charge. Furthermore, PEl is a highly branched
network polymer which traps pDNA very efficiently. In this study, we demonstrated that
PEl increased the maximum expression ofVEGF by SMCs in collagen matrix with the
presence of serum 18-fold compared to naked pDNA. The duration of expression of
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VEGF was also lengthened more than 3 fold as compared with system with naked pDNA.
There exists a range of PEl to pDNA ratios that enhances transfection efficiency. If this
ratio is too low, surface binding will be reduced. If it is too high, cytotoxicity will occur.
In this study, we looked at 3 different PEl: pDNA molar ratios: 4.5:1, 7.5:1 and 10.5:1.
When PEl was mixed with pDNA at 10.5:1, huge complexes were formed and we were
unable to effectively pipette these complexes due to high viscosity. We discarded this
system as a result. It has been observed that higher concentrations of PEl or pDNA
contribute to formation of aggregates (Ogris et al., 1999). The phenomenon we observed
might be due to a combination of high PEl and pDNA concentration used. The system
mixed with molar ratio of7.5: 1 was superior to that with molar ratio 4.5:1 both in terms
of level of expression and duration of expression. This suggests that 7.5: 1 might be a
good ratio to work with in future experiments and it falls into the range of ratios
suggested by literature to be effective (Backer et al., 2002). In addition, this shows that
by changing this ratio, we can manipulate the level of expression and duration of
expression to some extent to suit our purposes. PEl as a molecule is relatively non-toxic
to cells but PEl/DNA complexes have been shown to be cytotoxic when used at high
doses (Florea et al., 2002). It is speculated that the large number of complexes causes
release of lysosomal enzymes into the cytoplasm. However, we observed no adverse
effect in this study when PEl/DNA complexes were used at the concentration and molar
ratio mentioned.
Another advantage of polycation-aided transfection is that it is of a transient
nature since the transgene is not incorporated into the genome. Transient expression is
desirable in many applications. In particular, VEGF is a potent angiogenic factor and
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overexpression of it over a prolonged period of time might lead to pathological
conditions such as tumor growth. Therefore, overexpression of VEGF must be of a
transient fashion. In this study, transient expression ofVEGF was observed yet the
duration of expression (approximately one month) might be long enough for adequate
endothelialization to occur.
We demonstrated that VEGF-producing GAMs were able to enhance both
proliferation and migration of HUVECs. This showed that the VEGF produced was
bioactive. Although SMCs could potentially migrate across the insert membrane into the
lower chamber when GAMs were placed on insert membranes, their attachment to
collagen made it negligible. In one experiment, we seeded HUVECs directly on top of
GAMs to mimic the setting in a TEVG. The top surface of the GAMs could be thought of
as the luminal surface in a TEVG. The enhancement in proliferation and migration of
endothelial cells (ECs) is very crucial for the success of a TEVG. Even if seeded with
high density initially, ECs detach from the surface ofTEVGs when subjected to shear
stress imposed by blood flow. This is because as opposed to the environment in a natural
blood vessel where ECs are firmly secured in a basement membrane by interaction with
various basement membrane proteins (such a laminin and fibronectin), ECs seeded on a
TEVG usually are anchored in either a synthetic material modified with attachment
factors or a component of the ECM. Attachment of ECs to these surfaces is a lot weaker
than what it would have been in a natural setting thus leading to detachment when
subjected to haemodynamic forces. Therefore, it is important to provide a growth factor
specific for their survival, proliferation and migration until ECs have produced a good
amount of ECM around them for anchoring. ECs provide an anti-thrombogenic surface in
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blood vessel and without a confluent layer ofECs, TEVG very often due to thrombosis. It
is therefore very important to maintain a confluent monolayer of ECs at the initial phase
of tissue regeneration to prevent thrombogenecity when the degradable scaffold is still
present and when accumulation of ECM is still taking place. Our approach to overcome
this challenge was to locally deliver a growth factor that is conducive to the proliferation,
migration and survival of endothelial cells. VEGF is among the top choices since it is
well-known for enhancing all the biological processes mentioned and its action is highly
specific to ECs (Ferrara et al., 1992).~1n a broader sense, VEGF is an important growth
factor in tissue engineering applications due to its effect on formation of blood vessels.
Organs and tissues depend heavily on blood vessel infiltration for the supply of nutrients
and oxygen. Many tissue engineering approaches involve the transplantation of cells on
or within polymeric matrices. The success of these approaches is dependent on sufficient
mass transport to meet the metabolic requirements of the engineered tissue (Langer et al.,
1993, Mooney et al., 1997). A rapid and high level of vascularization is required for the
survival of all cell types following transplantation. Simple calculations showed that cells
cannot be more than several hundred micrometers from a capillary to survive due to the
limitations of oxygen diffusion (Colton et al., 1995). Furthermore, since EC proliferation
and migration are major events in angiogenesis, VEGF therefore plays a very significant
role in this process, along with other factors. We will have a more in-depth discussion on
angiogenesis in chapter 5. Recent success in using VEGF for angiogenic applications
includes re-endothelialization in balloon-injured carotid artery, treatment of ischemic
heart disease and critical limb ischemia (Su et al., 2000; Takeshita et al., 1994; Asahara et
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al., 1995). We believe that our system could be implemented in many other angiogenic
applications.
In conclusion, the goal of this study is to investigate the feasibility ofusing a

collagen-based scaffold which acts as a GAM for continual production of VEGF over a
period of almost one month. The motivation is to improve migration, proliferation and
survival of luminal endothelial cells since seeded cells tend to slough off from scaffolds
under physiological flow conditions. In this study, we showed that collagen matrix was
able to retain pDNA-PEI complexes"for gradual uptake by SMCs and transfection
efficiency was greatly enhanced as compared with using pDNA. Our goal was to develop
a system that could express the gene of interest for a duration that is clinically relevant.
We obtained continual expression ofVEGF from SMCs for more than 3 weeks although
expression reached a maximum at 2 weeks. This showed that the expression was
transient. The amount of VEGF released from our system is of the magnitude that would
trigger a response from endothelial cells. We expect the amount ofVEGF released can be
further enhanced by increasing both the number of cells and amount ofPEI-pDNA
complexes in the scaffold. It is possible that by altering the amount of pDNA initially
presents in the matrix, we would be able to tailor the duration of expression to some
extent. We had also shown that PEI-pDNA complexes caused no or minimal cytotoxicity
at the concentration used since SMCs inside the GAMs were viable.
Apart from the particular application mentioned using SMCs and VEGF plasmids,
this GAM system can be implemented in a wide variety of applications. The procedure to
fabricate the GAMs used in this study was very simple as compared with other similar
gene delivery systems. In the simplest case like our study, we were able to achieve
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enhanced endothelialization by overexpressing a single growth factor, VEGF. However,
some more complicated applications such as angiogenesis might require a combination of
different growth factors to drive the process to completion and stability in a controlled
manner. A great advantage of these GAMs is that they can be formulated to include
multiple plasmids that code for various proteins. We believe that synergistic effect that
results from this kind of system could lead to advances in tissue engineering and other
applications. The GAM technology is also advantageous in cases where proteins undergo
complex processing when synthesized by cells as compared with exogenously delivered
recombinant proteins. Since factors are being continually produced by local cells, factors
that have lost bioactivity are constantly replenished by bioactive ones. Moreover,
collagen is biodegradable and would disintergrate over time in the host body if being
implanted. The GAM system is versatile, cost-effective and can be implemented in many
applications which require different factors.

78

Chapter 4
Overexpression of Vascular Endothelial Growth Factor in lOTl/2 Cells to Potentiate
Angiogenic Events in Endothelial Cells

4.1 Introduction
Tissue damage and ischemia stimulate ECs and pericytes to acquire an angiogenic
phenotype and to change from a quiescent state to an active state. During wound
repairing, newly formed blood vessels serve to provide nutrition and oxygen to growing
tissues. Over the years, it has been indicated that angiogenesis is a component of many
pathological conditions. Examples are carcinomas, arthritis, retinopathy and macular
degeneration (Folkman et al. 1995; Hicklin et al., 2005). There are also other cases where
pathologies arise from insufficient angiogenesis: various ischemic diseases (infarction),
chronic wounds and non-healing bone fracture. It is therefore imperative to be able to
expedite the angiogenic processes and to have better control over it for the treatment of
the vast amount of diseases related. Apart from treatment of ischemic diseases, the
construction of stable blood vessels is very crucial to tissue engineering applications as
all tissue needs vascularisation for maintenance and proper function. Adequate supply of
oxygen and nutrients is required by all types of cells to survive and carry out their
metabolic activities and functions. We can potentially expediate the regeneration and
growth of tissues and organs by encouraging development of proper and stable networks
of vasculature.
The vasculature can be formed by 2 processes, namely vasculogenesis (de novo
vessel formation from angioblasts or stem cells) and angiogenesis (vessel growth from
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existing vessels). The blood vessel is made of at least 2 types of cells: endothelial cells
(ECs) and pericytes, or in larger vessel, smooth muscle cells (SMCs). Pericytes are
embedded within a basement membrane shared with ECs (Gerhardt et al. 2003). Pericytes
extend long processes penetrating the basement membrane and are in direct contact with
the underlying endothelium.

Endothelial
cell

Blood flow

Figure 4.1 Relationship between endothelial cells and perictyes. Pericytes share the basement membrane
with ECs and are directly in contact with ECs through their extended processes. Perictyes cover only part
of the blood vessel and are important in stabilization of the blood vessel.

ECs have been shown to form tube-like capillary structures under a variety of conditions
(Madri et al., 1983; Montesano et al., 1983; Chalupawicz et al., 1995). Although
pericytes are known to stabilize blood vessel, co-culturing them with ECs did not
increase the number of capillary-like tubes form in a study using fibrin gel (Nehls et al.,
1994). In fact, pericytes may have a suppressive influence in capillary growth from our
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knowledge that there is a strong correlation between absence of pericytes and retinal
neovacularization in retinopathy of diabetic patients (Mizutani et al., 1996). It is
speculated that incorporation of pericytes within the basement membrane of proliferating
capillaries is a mechanism for inhibition of capillary proliferation. While endothelial cells
have been studied extensively, much less is known about the pericyte, a name that
denotes the cell's periendotheliallocation at the abluminal aspect of microvessels. The
relationship between endothelial cells and perictyes varies from tissue to tissue and in
tumor neovasculature, this relationship may be even more variable. Nonetheless,
perictyes are important for maintaining the integrity of normal blood vessels and required
for vessel stabilization and maturation.
C3H10T1/2 mesenchymal stem cells (10Tl/2 cells) are a mesenchymal stem cell
line established from an early mouse embryo that was cloned and selected due to its high
degree of sensitivity to post-confluence inhibition (Reznikoff et al., 1973). C3HIOT1/2
cells have been used extensively as in vitro models to examine mesenchymal
differentiation into various phenotypic lineages by different inductive mediators
(Beresford et al., 1992; Katagiri et al., 1994; Denker et al., 1995). 10Tl/2 cells have been
shown to have the potential to differentiate into various phenotypes: bone (Katagiri et al.,
1990), cartilage (Atkinson et al., 1997), muscle (Braun et al., 1989), fat (Ntambi et al.,
2000) and pericytes, depending on what factors they are exposed to, their
microenvironment, and cells they come into contact with (Koike et al., 2004). It is known
that 10T1/2 cells differentiate into mural cells called pericyte through heterotypic
interaction with ECs due to secretion of platelet-derived growth factor (PDGF) by ECs
(Hellstrom et al., 1999) and it is believed that differentiation of 10Tl/2 cells into SMCs
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(or perictyes) is induced at least in part by transforming growth factor-beta (TGF -~)
(Hirschi et al., 1998). Interestingly, it has been shown that by entrapping these two types
of cells in collagen gels and implanting these into mice, stable and functional blood
vessels could be formed within 2 weeks. (Koike et. al 2004)
The stages of angiogenesis includes breakdown of basement membrane by
proteinases secreted by ECs, migration and proliferation ofECs and remodeling ofECM.
Establishment of a functional vascular network further requires that nascent vessels
mature into durable vessels. The association of pericytes and SMCs with newly formed
vessels regulates EC proliferation, migration, differentiation, survival, vascular
branching, and vascular permeability. Some suggest that perictyes are also being released
from the sprouting blood vessel before branching can proceed (Nguyen et al. 2001).
When cultured in 3-D systems, ECs proliferate and form capillary-like structures
in response to VEGF (Wary et al., 2003).The vascular endothelium specific growth
factors include 5 members of the VEGF family (Cohen et al., 1995), four members of the
angiopoietin family (Suri et al., 1996; Sato et al., 1995; Maisonpierre et al., 1997) and at
least one member of the ephrin family (Wang et al., 1998). It is well-known that vascular
endothelial growth factor (VEGF) signaling is crucial for these processes. VEGF has
maintained its most critical position in driving vascular formation and is required to
initiate the formation of immature vessels by vasulogenesis or angiogenic sprouting. The
other angiogenic factors, such as Ang 1 and ephrin-B2 are subsequently required for
further remodeling and maturation of this initially immature vasculature (Thurston et al.,
2003; Adams et al., 1999).
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VEGF is involved in different stages and processes of vascular development
which include: the assembly of blood vessels from precursor cells (vasculogenesis), the
sprouting ofblood vessels from preexisting vessels (angiogenesis) and differentiation of
blood vessels for the needs of different tissues. VEGF induces many molecular changes
in ECs. It was shown that after VEGF treatment, there was increased staining of CD31,
tissue-type plasminogen activator (tPA), urokinase-type plasminogen activator (uP A),
uP A receptor, Glut-1,

av~3, av~s, VEGFR-1,-2,-3

and Tie-2 in ECs (Pepper et al., 1991;

Friedlander et al., 1995; Suzuma et al., 1998; Witmer et al. 2004; Reinmuth et al. 2003).
In particular, VEGF receptors are invariably expressed at high level when VEGF is

present as compared with very low expression of these receptors when they are in their
quiescent state (Dvorak et al., 1995; Veikkola et al, 2000).
We hypothesize that by over-expressing one or a combination of angiogenic
growth factors in 10Tl/2 cells, we might be able to enhance angiogenesis, which is
desirable in many tissue engineering applications as well as treatment of ischemic
diseases. We investigated the effect of overexpression ofVEGF in 10T1/2 on
proliferation, migration and ability to invade underlying matrix of ECs. All of these are
important features of ECs during active angiogenesis. To demonstrate the effect on
angiogenesis in 3D, we seeded HUVECs and VEGF-producing lOTl/2 mesenchymal
precursor cells in a three-dimensional type I collagen gel and potentiation of angiogenesis
was clearly achieved.

4.2 Materials and Methods
Cell culture
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10Tl/2 cells were obtained from ATCC and were cultured in in low glucose (lg/L)
Dulbecco's modified Eagle's medium (DMEM, Gibco), supplemented with 10% heat
inactivated fetal bovine serum (FBS, Whitaker). They were used from passage 11 to 19.
HUVECs (passage 3-6) were obtained from Cell Applications and were maintained in
endothelial growth media (Cell Applications). Cell number was determined by Coulter
counter (Beackman Coulter, Multisizer™ 3)

Amplification and Purification of plasmid DNA
Human VEGF16s (hVEGF16s) and green fluorescent protein (GFP) eDNA were cloned
into a retroviral expression vector (PLE-N1; Clonetech). hVEGF eDNA was kindly
provided from Dr. Shay Soker (Harvard Medical School). Escherichia coli (E. coli) was
transformed with the vector and the vector was amplified by culturing E. coli overnight.
Plasmid DNA was extracted by Plasmid Midi Kit (Qiagen).

Retroviral transfection of lOTl/2 cells
Viral particles were produced by transducing Phoenix cells with two vectors coding for
VEGF and VSVG envelope protein. To virally transfect r 10Tl/2 cells, cells were seeded
at 75,000 cells/well in 6-well plates. 1 ml of retroviral vectors and 1 111 of polyprene (5
mg/ml) were added per well. Media was replaced by fresh DMEM after 24 hours.
Transfected cells were then selected by exposure to the antibiotic G418 at 500 11g/ml for
10 days.
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VEGF Quatitation by ELISA
A human VEGF ELISA kit (R&D systems) with a polyclonal antibody against VEGF
was used to determine the VEGF concentration in the media samples collected in the
experiment described above. Recombinant human VEGF 165 was used to prepare a
standard curve ranging from 0 to 1000 pg/ml. Conditioned media was collected from
culture wells with GAMs or retrovirally-transfected SMCs. Each sample contained 200 ul
of conditioned media. Concentration of VEGF was detected by a polyclonal antibody
against VEGF conjugated to horseradish peroxidase using a hydrogen peroxide
chromogen substrate and measured at a wavelength of 450 nm by microplate reader (BioTek Instruments, Inc.).

Morphology of HUVECs in co-culture
200,000 1OT1/2 cells were seeded in 6 well plates initially and 80,000 HUVECs were
seeded on top after 2 days. One group of the 10Tl/2 cells was trasnfected with VEGF
trans gene and one group ws transfected with GFP trans gene as a control. After 10 days of
culture, media was moved and cells were incubated in 10 % buffered formalin for 10 min
at room temperature. After rinsing, cells were incubated with methanol for 2 min and
with 3 % H2 0 2 for 5 min. Non-specific protein interactions were then blocked with 3 %
FBS overnight. After blocking, cells were incubated first with a monoclonal anti-human
platelet/endothelial cell-adhesion molecule (PECAM) primary antibody (1: 150, Sigma)
for 2 hr and then with a horse radish peroxidase-labeled secondary antibody at 4 °C for 45
min (1: 100, Dako). This was followed by rinsing and addition of AEC to cover the wells.
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Cells were incubated in the dark for 5 min and then viewed under a phase contrast
microscope.

Effect of VEGF-producing lOTl/2 cells on proliferation of ECs
70,000 HUVECs were seeded in the bottom of a Transwell 6-well plate (Coming). 1 x
106 of IOTl/2 cells (VEGF-trasnfected or GFP-trasnfected) were encapsulated in
collagen gels (as described in Chapter 3, Section 3.2) and placed in the inserts for coculture experiment. An anti-VEGF IgG (1 J.lg/ ml, Sigma) was added for neutralization of
VEGF in some sample setsl. The number of HUVECs was counted on the third and fifth
day to assay for proliferation.

Effect ofVEGF-producing lOTl/2 cells on migration ofECs
200,000 10Tl/2 cells (VEGF-trasnfected or GFP-transfected) were seeded in each well in
a 6-well plate below an insert. 200,000 HUVECs were seeded on top an insert in each
well and were allowed to migrate through the 8 J.liD pores in the insert membranes to the
other side ofthemembrane. Mitomycin C was added at 0.5 J.tg/ml to inhibit proliferation
for accurate assessment of migration. HUVECs on top and bottom of insert membranes
were trypsinized and counted at the end of 3 days after seeding. The percentage migrated
was calculated by dividing the number of cells at the bottom of the insert membrane by
the sum of the number of cells obtained from both sides of the membrane.
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Effect ofVEGF-producing lOTl/2 cells on matrix invasion ability ofECs
Growth factor-reduced matrigel (BD) was diluted with PBS (0.25 mg/ml) and 100 ~1 of
this was added onto insert membrane in each well of a 6-well Transwell system (Coming)
on ice and then incubated at 37°C for 1 hour to form a very thin gel layer. 200,000
10Tl/2 cells (VEGF-trasnfected or GFP-transfected) were seeded in each well in a 6-well
plate below an insert. 200,000 HUVECs were seeded on top an insert (and the matrigel)
in each well and were allowed to migrate through the 8 ~ pores in the insert membranes
to the other side of the membrane. Mitomycin C was added at 0.5

~g/ml

to inhibit

proliferation for accurate assessment of migration. HUVECs on top and bottom of insert
membranes were trypsinized and counted at the end of 3 days after seeding. The
percentage migrated was calculated by dividing the number of cells at the bottom of the
insert membrane by the sum of the number of cells obtained from both sides of the
membrane.

Angiogenesis study in 3D collagen gels
1 x 106 HUVECs in 1 ml ofmedia was combined with 0.5 ml ofO.l NNaOH, 0.5 ml of
lOX PBS (as defined before) and 4 ml ofbovine dermal collagen I solution (Sigma,
3mg/ml). 1 ml of this mixture was placed into wells of 12 well plates and incubated in an
oven at 37°C for 1 hour (layer 1). 1 x 106 VEGF-transfected lOTl/2 cells in lml of
media was combined with 0.5 ml of 0.1 N NaOH, 0.5 ml of 1OX PBS and 4 ml of bovine
dermal collagen I solution. 1 ml of this mixture was added on top of each of the first layer
of from the oven and incubated in an oven at 37 °C for 1 hour. Media was added and
changed every 2 days. Images of the bottom layer were taken at 3 day and 6 day time
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points. Lengths of angiogeneic sprouts were quantitated in the Image J software (Nlli).
For confocal images, 1.13 J..tL of calcein AM (Molecular Probes, OR) was added to 4.5 ml
PBS according to the kit instructions. Samples were rinsed and each gel was incubated
with 1 ml of this solution for 30 min. Samples were then rinsed with PBS for 5 min and
imaged for fluorescence. Live cells fluoresced green and the whole cell body could be
visualized.
Another experiment was designed to set up an adverse environment for HUVECs to see if
VEGF-producing 10Tl/2 cells can rescue them from quiescence. HUVECs usually do not
survive well in a low cell density and low serum environment. 20,000 HUVECs were
seeded in 1 ml of gel and a starvation endothelial media (Cell Applications) was used
instead.

Statistical analysis

All data are presented as mean ± standard deviation (SD). Analyses of data were
performed using one-way ANOVA and post-hoc two-tailed, unpaired t-tests. Differences
at p < 0.05 were considered to be statistically significant.

4.3 Results
Retroviral transfection of lOTl/2 cells

lOTl/2 cells when undifferentiated produced low amount ofVEGF as detected by
ELISA (Figure 4.2). This amount did not increase when 10Tl/2 cells were co-cultured
with HUVECs over 5 days in 2D. The VEGF detected in this experiment ranged from
approximately 40 to 80 pg /ml of media.
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Figure 4.2 10TI /2 cells produced very low amount ofVEGF with and without HUVECs. Co-culturing with
HUVECs over 5 days did not induce 1OTI /2 cells to produce more VEGF. VEGF detected on both time
points with and without HUVECs was of very low amount. Error bars are too small to be visualized. (n=3)

1OT1/2 cells were successfully transfected with both VEGF gene and GFP gene.
We obtained stable expression after selection for 10 days with almost 100% of the cells

.

fluoresced green for the GFP group (Figure 4.3). The fluorescence was consistent and
lasted for at least 5 passages.

Figure 4.3 1OT1 /2 cells transfected with GFP gene. Almost I 00% of I OT1 /2 cells fluoresced green after
selection by 0418 for 10 days. Expression of GFP was stable for at least 5 passages.
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1OTl/2 cells were also successfully transfected with VEGF trans gene and were

producing VEGF at approximately 1.5 ng I 1 x 10 6 cells. Expression was consistent and
stable for at least 5 passages. 1OTl/2 cells when undifferentiated take on a fibroblast-like
morphology with mostly spindle-shaped cells. We compared the tnorphology of VEGF- ·
transfected 1OTl/2 cells with un-transfected 1OTl/2 cells and observed no change in
morphology (Figure 4.4a,b).

4.4a VEGF-transfected 1OT1 /2 cells

4.4b Control 1OTl/2 cells

Figure 4.4(a)(b ). Comparison of morphology of 1OTJ /2 cells with and without VEGF trans gene. Both
VEGF-transfected 1OTJ /2 ce11s and control 1OTJ /2 ce11s had spindle-shaped cell morphology.
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Effects ofVEGF-producing lOTl/2 cells on HUVECs
Morphology

When cultured on top ofVEGF-producing lOTl/2 cells, HUVECs exhibited an
"activated" morphology forming tubular and loop structures whereas they remained in
their quiescent morphology and formed islands of cells when cultured with control
lOTl/2 (Figure 4.5a,b).
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4.5a

4.5b

Figure 4.5(a)(b) Change of morphology in HUVECs when co-cultured with VEGF-producing 1OTI /2 cells.
(a) HUVECs exhibited an activated, angiogenic morphology when co-cultured with VEGF-producing
1OTI/2 cells (b) HUVECs formed islands of quiescent cells when co-cultured with control I OT l/2 cells.

Migration
Migration of HUVECs across 8 J.lm pore insert membranes was 16 % when cocultured with VEGF-producing lOTl/2 cells as compared with 7% that of control
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(Figure 4.6, p < 0.001). The addition of an anti-VEGF IgG totally abolished the increase
in migration (p < 0.001).
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Figure 4.6. Enhanced migration ofHUVECs across insert membrane when co-cultured with VEGFproducing 10Tl/2 cells. Migration increased more than 2-fold as compared with control (n = 3, p < 0.001).
Addition of an anti- VEGF IgG abolished the increase in migration ( n = 3, p < 0.001).

To show that the migration observed was specific to HUVECs, we investigated
the effect ofVEGF-producing 10Tl/2 cells on migration ofnon-transfected 10Tl/2 cells.
We observed no change in migration across insert membrane when non-trasnfected
lOTl/2 cells were exposed to VEGF-producing 10T/12 cells (Figure 4.7, p > 0.9 from
ANOVA).
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Figure 4.7. No change in migration of lOTl/2 cells when co-cultured with VEGF-producing lOTl/2 cells.
In all treatment groups, migration was approximately between 2.5 to 3.5% (n = 3, p > 0.9 from ANOV A).

Proliferation

Proliferation of HUVECs was significantly increased when co-cultured with
VEGF-producing lOTl/2 cells encapsulated in collagen gels as compared with control.
The increase was significant at both 3-day and 5-day time points (Figure 4.8, p <0.001)
Addition ofVEGF antibody completely abolished the increase in proliferation observed
(p < 0.001).
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Figure 4.8. Enhanced proliferation ofHUVECs when co-cultured with VEGF-producing IOTI/2 cells
encapsulated in collagen gels both at 3-day and 5-day time points (n =3, p < 0.001). Addition of an antiVEGF lgG completely abolished the increase in proliferation (p < 0.001).

Matrix Invasion
Migration of HUVECs across a thin layer of matrigel and insert membrane was
approximately 10% when co-cultured with VEGF-producing 10Tl/2 cells as compared
with 4% that of control (Figure 4.9, p <0.001). Addition of an anti-VEGF IgG abolished
the enhanced migration observed (p < 0.001).

95

12
10
'1:1

.e

...
.~"'

E
Cll
en
J!J
c

8

6

Cll

4

c.

2

...uCll

0
VEGF

VEGF+Aby

GFP

GFP+Aby

Figure 4.9 Ability to invade underlying matrix was enhanced in HUVECs when co-cultured with VEGFproducing 10Tl/2 cells. Migration was more than doubled when HUVECs were co-cultured with VEGFproducing lOTl/2 cells (n = 3, p < 0.001) and the increase was abolished with the addition of an anti-VEGF
IgG (n =3, p <0.00 1).

Potentiation of angiogenesis in 3D collagen gels
HUVECs exhibited very different morphology when they were co-cultured with
VEGF-producing lOTl/2 cells compared with control. When co-cultured with VEGFproducing lOTl/2 cells, they came together to form tubular structures (or "sprouts")
whereas in the control, HUVECs mostly were scattered all over the gel and they only
occasionally formed small organized structures (Figure 4.10 a,b ).
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4.10a

4.10b

Figure 4. IO(a)(b) Comparison of cell morphology when HUVECs were co-cultured with VEGF-producing
I OTl /2 cells and control 1OTI /2 cells in 3D collagen gels at day 6. (a) HUVECs took on an angiogenic
morphology and fonned an elaborate network of tubular structures when co-cultured with VEGF-producing
I OTl /2 cells. (b) HUVECs remained quiescent in the control and were mostly scattered all over the gels
with few organized structures.

The lengths of the angiogenic sprouts were measured both at 3-day and 6-day
tin1e points. HUVECs formed significantly longer sprouts when co-cultured with VEGF-
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producing 10Tl/2 cells as compared with the control. At day 3, average total length of
sprouts formed by HUVECs was measured to be approximately 520 Jlm when cocultured with VEGF-producing 10T1/2 cells as compared with 150 Jlm that ofthe control
(Figure 4.11, p< 0.001). Addition of an anti-VEGF IgG abolished the increase in sprout
length. At day 6, an average total length of sprouts formed by HUVECs was measured to
be approximately 820 Jlm when co-cultured with VEGF-producing 10Tl/2 cells as
compared with 200 Jlm that ofthe control (Figure 4.12, p < 0.001). Again, addition of an
anti-VEGF IgG abolished the increase in sprout length (p < 0.001).
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Figure 4.11. Length of sprouts formed by HUVECs was significantly increased when co-cultured with
VEGF-producing 10Tl/2 cells at day 3. Length of sprouts formed by HUVECs increased by more than 3
folds as compared with control (n =10, p < 0.001) and the addition of an anti-VEGF IgG abolished the
increase totally (n=10, p < 0.001).
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Figure 4.12 Length of sprouts formed by HUVECs was significantly increased when co-cultured with
VEGF-producing 1OTI/2 cells at day 6. Length of sprouts formed by HUVECs increased by more than 4
folds as compared with control (n = 10, p < 0.001)and the addition of an anti-VEGF IgG abolished the
increase totally (n =10, p < 0.001).

In another experiment, we seeded HUVECs at very low density and co-cultured
them with lOTl/2 under very low serum (1 %) conditions. Our results showed that
HUVECs were rescued from their quiescent state by co-culturing them with VEGFproducing lOTl/2 cell. We observed some organized structures formed when HUVECs
were co-cultured with VEGF-producing lOTl/2 cells (Figure 4.13a) as compared with no
organized structures formed in control (Figure 4.13b).
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-4.13a

4.13b

Figure 4.13(a)(b) Comparison of fonnation of organized structures in HUVECs when co-cultured with
VEGF-producing 1OTl /2 cells as compared with control under adverse conditions. (a) HUVECs was
rescued from their quiescent state and fanned organized tubular structures when co-cultured with VEGFproducing 1OT 1/2 cells. (b) HUVECs remained in their quiescent state and did not fonn any organized
structures when co-cultured with control 1OTl /2 cells.
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The lengths of the angiogenic sprouts were measured at day 3. HUVECs formed
significantly longer sprouts when co-cultured with VEGF-producing 10Tl/2 cells as
compared with the control. At day 3, average total length of sprouts formed by HUVECs
was measured to be approximately 130 f..tm when co-cultured with VEGF-producing
10Tl/2 cells as compared with 35 f..tm that ofthe control (Figure 4.14, p < 0.001).
Addition of an anti-VEGF IgG abolished the increase in sprout length (p < 0.001).
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Figure 4.14 Length of sprouts formed by HUVECs was significant!¥ increased when co-cultured with
VEGF-producing lOTl/2 cells at day 3 under adverse conditions. Length of sprouts formed by HUVECs
increased by more than 3.5 folds when co-cultured with VEGF-producing lOTl/2 cells as compared with
control (n = 8, p < 0.001) and the addition of an anti-VEGF lgG abolished the increase totally (n = 8, p <
0.001).

To confirm that HUVECs were differentiating and forming a lumen in the
angiogenic sprouts observed, we performed confocal microscopy on these structures and
a hollow space was visible between two layers of cells when cross-section of the tubular
structure was viewed (Figure 4.15a,b).
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4.15a

4.15b

Figure 4.15(a)(b) Confocal Microscopy on tubular structures ofHUVECs fonned in co-culture with VEGF-

producing 1OTI /2 cells in 3D collagen gels. 5.14(a) Organized tubular structures could be observed all over
the collagen gel. 5.14(b) Cross-sections ofthe structure in Figure 5.14(a) were obtained by confocal
microscopy (planes ran horizontally). Confocal microscopy showed hollow space between 2 cell layers in
the cross-section of the tubular structures.

4.4 Discussion

Our findings indicate that the murine mesenchymal stein cell line C3 H 1OT 1/2 can
be transfected via retroviral transfection method. Retrovirus transfect only proliferating
cells which 1nakes 1OTl/2 cells ideal candidates because they proliferate very quickly.
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We therefore were able to obtain a great population oftrasnfected lOTl/2 cells in a
relatively short time. We transfected 10Tl/2 cells with both VEGF and GFP transgene
and the expression of both transgenes was stable for several passages. Previous studies
have shown that VEGF can upregulate uPA, uPAR and VEGFR-1 in pericytes (Witmer et
al2004). However, the information of the effect ofVEGF on differentiation, migration,
proliferation, morphological changes of 10Tl/2 cells is lacking in literature. We were not
sure whether VEGF would cause any differentiation in lOTl/2 cells after they were
transfected but we observed no change in gross morphology when 1OT 1/2 cells were
transfected with VEGF transgene. However, more work has to be done to investigate this
issue at the molecular level. We chose to experiment with this particular cell line in this
study because 1OTl/2 cells are known to be the progenitor cells of smooth muscle cells
and pericytes. A recent study showed that when 10Tl/2 cells were co-cultured with
HUVECs in a 3D collagen gel model, they spontaneously associate to form stable and
functional vasculature whereas vasculature formed by HUVECs alone did not show as
much structural integrity and regressed very quickly (Koike et al., 2004). This shows that
1OT 1/2 cells are capable of stabilizing blood vessels by their interaction with neighboring
ECs. We therefore hypothesized that potentiation of angiogenesis could occur by
overexpressing a potent angiogenic factor, VEGF, in 10Tl/2 cells.
It was surprising that VEGF production in 10Tl/2 cells was not altered and was

negligible even when they were co-cultured with HUVECs. It was shown that HUVECs
could upregulate production ofVEGF in human SMCs (Reinmuth et al2001). We
speculated that perhaps 5 days was not long enough a period for 10Tl/2 cells to
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differentiate and convert to a VEGF -producing state. Another possibility is that they
might only convert in a 3D setting when in contact with HUVECs.
Our study showed that the overexpression of a single growth factor, in this case
VEGF, could lead to significant increase in angiogenic events in HUVECs in vitro. In
this study, we investigated the effect of overexpression ofVEGF in lOTl/2 cells on
migration, proliferation, morphology change and ability to invade underlying matrix of
HUVECs. These are all important features of ECs that undergo dramatic changes during
angiogenesis and are good indicators for active angiogenesis.
We first demonstrated that HUVECs underwent a dramatic change in morphology
when co-cultured with VEGF-producing lOTl/2 cells in a 2D setting. It is well-known
that ECs take on an angiogenic phenotype forming branched structures and contains more
fenestrae when they are activated (Feng et al., 1999) It had been shown that after VEGF
treatment, ECs became activated and expressed a different spectrum of proteins and
VEGF receptors (VEGFR-1 and VEGFR-2) were significantly up-regulated (Barleon et
al., 1997).
We also demonstrated enhanced migration of ECs when they were co-cultured
with VEGF-producing lOTl/2 cells. To confirm that the observed effect was specific to
ECs, we also conducted the same experiment using non-transfected 10Tl/2 cells instead
ofECs and we observed no increase in migration in the 10Tl/2 cells. This showed that
our experimental setup was indeed robust and that VEGF did not have a chemotatic effect
on 10Tl/2 cells.
We showed that ECs invaded matrigel more aggressively in the presence of
VEGF-producing 10Tl/2 cells and that led to subsequent enhanced migration across
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insert membranes. Matrigel was used to mimic the basement membrane that has to be
degraded before EC could migrate. This assay is usually used on tumor cells to study
their metastatic behavior. We adapted the assay and used ECs instead of tumor cells.
Basement membrane degradation and subsequent migration of ECs is a very important
step in angiogenesis. We demonstrated that both invasion of ECM and migration was
enhanced in HUVECs by co-culturing HUVECs with VEGF-producing 10Tl/2. ECs
need active proteases to hydrolyze the ECM proteins migration. Proteases that are
upregulated in ECs in vitro by VEGF include members of the plasminogen system, such
as uP A and its receptor uPAR (Mignatti and Rifkin 1996; Kroon et al. 1999). In addition,
various matrix metalloproteinases (MMPs)(Pepper 2001) and cathepsin B activity have
also been shown to associate with angiogenesis (Keppler et al. 1996; Hazen et al. 2000).
Apart from proteases, ECs also express specific integrins known to be involve in cell
migration and cell signaling during angiogenesis (Senger et al. 1996; Max et al. 1997;
Byzova et al 2000)
Proliferation of ECs is considered as the single most reliable parameter to
quantitate angiogenesis. As they proliferate, they form sprouts that grow. We first
demonstrated in a 2D experiment that proliferation of ECs was significantly increased
when they were co-cultured with VEGF-producing 10Tl/2 cells. We then measured the
length of sprouts as a measure of extent of angiogenesis in a 3D setting. After the initial
phase of angiogenesis during which rapid migration and proliferation of ECs takes place,
ECs then organize themselves to form elongating structures known as angiogenic sprouts
(Hellstrom et al., 1999). We demonstrated that extensive network of angiogenic sprouts
were formed when HUVECs were cultured with VEGF-producing 10Tl/2 cells over 6
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days as compared with minimal organized structures formed by ECs in the control. ECs
often assemble first as solid cords but would then acquire a lumen subsequently. To
confirm that the tubular structures observed was toward formation of a functional blood
vessel, we performed confocal microscopy to visualize the cross-sections of such tubular
structures formed in the collagen gels by ECs. Our results showed that the a cross-section
of such tubular structure consists of two cell bodies wrapping around a hollow space
which we speculate would be the lumen of a functional blood vessel. Our cross-section
showed that the two cell bodies did not form tight contact but we suspect that the low
intensity of fluorescence in the extensions of the cell body was beyond the limit of
detection. We did an additional study on quantitating angiogenic sprouts to show that
HUVECs could be rescued from their quiescent state to form angiogenic sprouts under
low density, low serum conditions by in the presence ofVEGF-producing 10T1/2 cells.
VEGF is a very potent growth factor and has been known to rescue ECs from adverse
conditions and prolong their survival.
To date, VEGF is considered the most potent angiogenic factor for treatment of
ischemic diseases although the new blood vessels often associate with leakiness which is
a feature in tumor blood vessels. In fact, VEGF was originally termed vascular
permeability factor for its ability to induce vascular leak and permeability.
Overexpressing VEGF in 10Tl/2 cells might circumvent the occurrence ofleakiness
since 10Tl/2 cells, when in contact with ECs, differentiate into perictyes which secrete a
myriad of growth factors needed by ECs to form normal blood vessels. Alternatively,
another transgene encoding plasmid such as one that codes for angiopoietin 1 (Ang 1),
can be co-embedded in the GAM. Ang 1 was shown to maximize interaction between
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endothelial cells and their surrounding support cells (eg. perictyes) and matrix thus
creating a less leaky vessel.
The recent insights in the molecular basis of angiogenesis have resulted in
treatment paradigms to promote or inhibit angiogenesis. Although these approaches are in
their infancy, they have been shown to be promising. We conclude that potentiation of
angiogenesis was achieved in vitro by co-culturing HUVECs with lOTl/2 cells that
overexpress VEGF. This might find applications in tissue engineering as treating various
ischemic diseases.
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Chapter 5
Overexpression of Lysyl Oxidase to Increase Matrix Crosslinking and Improve
Tissue Strength in Dermal Wound Healing

5.1 Introduction

Chronic wounds such as diabetic foot ulcers, pressure ulcers, and venous ulcers
account for approximately 70% of all skin wounds (Stocum 1995). Diabetic foot ulcers
alone account for 800,000 chronic wounds in the United States each year, with annual
treatment costs of more than $1-billion (Stocum 1995). A wound is considered chronic if
it does not heal in a timely manner or, more commonly, if the healing process does not
result in appropriate mechanical integrity, such that the site is not able to remain in a
healed state (Robson et al., 1995). Impaired wound healing is a very serious complication
in diabetic patients and amputation is needed in many cases (Margolis et al., 2005). It is
known that the impaired wound healing in such cases is Gaused by a combination of
various biochemical changes which leads to changes in development of vasculature in the
wound site (Loomans et al., 2004), neuropathy (Walls et al., 1992) as well as decreased
mechanical strength of wounded skin (Yue et al., 1987). Approaches to improve the
mechanical strength of wounds have generally focused on increasing the deposition of
matrix proteins such as collagen through local delivery of growth factors (LeGrand 1998)
or nitric oxide (Masters et al., 2002). In the current study, we have investigated an
alternative and potentially synergistic approach to enhance crosslinking of structural
matrix proteins, collagen and elastin, at the wound site.
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Dermal wound repair is a complex process that can be divided into three phrases:
an initial inflammatory phase which involves infiltration of macrophages into the wounds
site, followed by formation of granulation tissue by proliferating fibroblasts and then
remodeling of extracellular matrix (ECM) proteins such as collagen. The newly deposited
ECM proteins are initially randomly oriented in the granulation tissue matrix and later are
broken down and reorganized by proteinases secreted by fibroblasts. Lysyl oxidase (LO)
then catalyzes the formation of covalent crosslinks between collagen fibers which
subsequently become organized into thick bundles oriented perpendicular to the edges of
the wound (Csiszar et al., 2001 ). We could potentially increase mechanical strength in the
wounded skin by increasing formation of these crosslinks.
LO is secreted as a 50 kDa proenzyme and then proteolytically cleaved to the 32
kDa active enzyme (Trackman et al., 1992). It catalyzes inter- and intra-molecular
crosslinking in collagen and elastin by oxidatively deaminating lysyl residues in these
proteins into peptidyl aldehydes (Kagan et al., 2003). These aldehydes can then
spontaneously condense with one another to yield a variety of covalent cross-linkages.
LO has been shown to be regulated by a variety of factors including serum conditions
(Gacheru et al., 1997), transforming growth factor-PI (Boak et al., 1994) and shear stress
(Ando et al., 1996). A commonly used inhibitor ofLO is P-aminopropionitrile (BAPN)
(Tang et al., 1983). Other inhibitors include diamines, heparin, amino nitrites,
semicarbazides and hydrazines (Gavriel et al., 1998; Udupa et al., 1995).
In this study, we investigated the effect of overexpression of LO on the

mechanical strength of newly formed tissue in the wound site through increased crosslinking activities. To achieve overexpression of LO in the wound site, we employed a
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system that could locally deliver the LO gene for sustained uptake and expression by
local cells. Matrices known as gene-activated matrices, or GAMs, are capable of
retaining plasmid DNA (pDNA) (Fang et al., 1996; Elbjeirami et al., 2003). and thus
allow local cells to migrate through the matrix, gradually take up the retained pDNA and
express the protein of interest. This can lead to continual and prolonged production of
proteins in a localized tissue site. PEl is a polycation capable of interacting with and thus,
compacting DNA. This protects DNA from degradation by nucleases and increases
transfection efficiency. We hypothesized that fibroblasts would migrate into implanted
GAMs, take up the PEI-pDNA complexes and express LO over an extended period of
time. This in tum would increase the degree of crosslinking in the newly formed tissue
and lead to enhanced mechanical strength. We showed that LO-producing GAMs made
of collagen could be strengthened in vitro and we demonstrated the same efficacy of
these LO-producing GAMs in a dermal wound healing model in vivo.

5.2 Materials and Methods
Cell Culture
Human dermal fibroblasts (HDFs) were obtained from Clonetics (San Diego, CA) and
were maintained in low glucose (1g/L) Dulbecco's modified Eagle's medium (DMEM,
Sigma) that contained 10% fetal bovine serum (FBS, Whitaker), 2 mM ofL-glutamine, 1
unit/mL of penicillin, and 1 f.lg/mL of streptomycin (GPS, Sigma). Cell number was
determined by Coulter counter (Beckman Coulter, Multisizer™ 3).
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Plasmid DNA
Full-length eDNA coding sequences of green fluorescent protein (GFP) and rat LO were
cloned into a commercially available mammalian expression vector, PLE-N1 (Clontech,
CA). Escherichia coli ( E. coli) was transformed with the vector and the vector was
amplified by culturing E. coli overnight. Plasmid DNA was extracted by Plasmid Midi
Kit (Qiagen)

Assembly of GAMs
PEI-pDNA complexes: PEl solution (MW= 25,000, Aldrich) was added dropwise to of
50 J.lg pDNA at an NIP ratio of7.5:1. The mixture was then incubated for 30 min at room
temperature. End pDNA concentration was 16.7 J.lg/ mL of collagen gel.
Collagen gels with PEI-pDNA complexes and cells: Collagen gels were fabricated by
mixing bovine dermal collagen (3 mg/mL, Vitrogen), phosphate-buffered saline (PBS)
and NaOH (0.1 N) at 8:1:1 ratio respectively. Human dermal fibroblasts were mixed with
PEI-pDNA and collagen at a density of 1.5 x 106 cells/mL. The resultant mixture was
placed in cell culture wells and incubated for 1.5 hrs at 37°C. DMEM was then added to
each well. Samples were then transferred to an incubator (37°C, S%C02). For the naked
DNA control, the same procedure was followed except that pDNA was not coupled to
PEl.

In Vitro Assessment of LO-producing GAMs
To confirm cell viability in the GAM system, samples were rinsed for 10 min
with PBS (1 mVgel). 1.13 J.lL of 4mM calcein AM and 2.25 J.lL of 2mM ethidium
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homodimer (Live/Dead Kit, Molecular Probes, OR) was added to 4.5 mL PBS. Each gel
was incubated with lml of this solution for 30 min. Living cells were stained green when
calcein AM was cleaved by esterases and dead cells with compromised membranes were
stained red with the membrane-impermeant nucleic acid dye, ethidium homodimer-1.
Samples were rinsed with PBS for 5 min and imaged for fluorescence (Ziess Axiovert
135). Viability was accessed by dividing the number of green cells by total number of
cells in different views of the gels (n =5) and the result was converted to a percentage.
Immunostaining for proliferating cell nuclear antigen (PCNA) was performed to
confirm that the GAM system was conducive to cell proliferation. Samples were cryosectioned to 30 f.!m and fixed in cold dry acetone for 10 min. Samples were then
incubated with 0.3% H20 2 in 70% methanol for 30 min and followed by incubation in
10% serum in PBS for 10 min. Sections were incubated with mouse anti-PCNA (1:10,
Zymed Laboratories Inc.) overnight at 4°C and then with peroxidase-rabbit anti-mouse
IgG (1:10, Zymed Laboratories Inc.). Finally, sections were incubated with DAB
substrate solution for 5 min, counterstained in hematoxylin for 2 min and mounted in
aqueous mounting medium. The fraction of proliferating cells was obtained by dividing
positively stained cells by total number of cells in different views of the gel sections
(n=5) and this in tum was converted into a percentage.
Duration of expression of protein in GAMs was investigated using GFP. GAMs
were formed as described above with the transgene encoding for GFP and fibroblasts
embedded. Expression of GFP by fibroblasts was observed with fluorescence microscopy
(Carl Zeiss Inc, Germany) 10, 20 and 30 days after the assembly ofthe system.
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The ability of fibroblasts to infiltrate into GAMs was accessed. Collagen gels
were fabricated by mixing bovine dermal collagen (3 mg/ml, Vitrogen), DMEM, PBS
and NaOH (0.1 N) at 8:2:1:1 ratio respectively. 2 ml ofthis collagen solution was placed
in culture wells and incubated for 1.5 hrs at 37 °C. 1.5 x 106 of HDFs were then seeded
on top of the resultant gels and allowed to migrate into collagen gels over 3 days. The
percentage of cells that had migrated into the gels was determined by subtracting the
number of cells on top of gels obtained by trypsinization and collected from media after 3
days from the total number of cells seeded on top of the gels at the beginning of the
experiment.
A flurometric peroxidase assay was performed to confirm enhanced bioactivity of
LO in LO-producing GAMs. H20 2 is a product of LO deamination reaction and in this
assay, homovanillic acid (HVA, Sigma) was converted to a fluorescent product in the
presence ofH20 2 (excitation: 325 nm, emission: 425 nm). 1ml of conditioned media was
collected from GAMs (assembled as described above) at various time points : 0, 1, 2, 3, 4
weeks (n =4). All reactions were performed in a 2 ml final reaction volume of PBS (pH
7.8) containing 50 ng/ml of CuS04 (Sigma), 5 J.tl of horseradish peroxidase (Sigma, 10
mg/ml in 0.1 M of K-phosphate buffer, pH 6.0), 100 J.tl of LO substrate (Aldrich,1,5diaminopentane, 100 mg/ml) and 20 J.tl of HV A (Sigma, 50mg/ml). 100 J.tl of BAPN
(Sigma, 50 mg/ml), a lysyl oxidase inhibitor, was used as a negative control. All reactions
then were incubated while shaking at 37°C for 1.5 hr and placed on ice to stop the
reaction for subsequent fluorometric measurement.

In vitro mechanical testing of GAMs was performed to evaluate the effect of
overexpression of LO on the mechanical strength of collagen-based GAMs. Fibroblasts-
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seeded collagen gels were fabricated as described above. After gelation, complete media
was added and the seeded gels (n=3) were moved to a cell culture incubator where they
were cultured for 3 weeks. 150 J..Lg/ml ofBAPN (Sigma), a specific inhibitor ofLO, was
added to one set of wells (n=3) as a control. The collagen gels were attached to balsa
wood using a cyanoacrylate glue to mediate the clamping of gels. Tensile testing was
performed using Vitrodyne V1000 with a strain rate of 100 J..Lmlsec using a 150 g loading
cell (Diagram 5.1). Elastic moduli and tensile strengths were determined from stressstrain plots.

tensile force

wooden support
collagen gel _ _ _ _ _ _.,

clamps

Diagram 5 .1. Experimental setup for tensile mechanical testing. Collagen gels were attached to balsa wood
using a cyanoacrylate glue to mediate the clamping of gels. Tensile testing was performed using Vitrodyne
VlOOO with a strain rate of 100 f.un/sec using a 150 g loading cell
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In Vivo Wound Healing Model in Rats
A rat skin wound healing model was used to assess the efficacy of LO-producing
GAMs. Male Sprague-Dawley rats (n=4) were obtained (375-400 g; Charles River
Laboratories, Wilmington, MA). Under isofluorane anesthesia, the dorsal region of each
rat was shaved and two full thickness 3 em incisions were made approximately 1.5 em
away from median line, GAMs with either the LO or GFP pDNA (without cells) were
made in rectangular chambers one day in advance as described above. Dimensions of the
GAMs were 2 mm x 20 mm x 2 mm. Pre-made GAMs were placed into the wound sites
(each rat with one control GFP-GAM and one experimental LO-GAM) followed by
suturing with polypropylene 5-0 sutures (PROLENE, Ethicon) in an interrupted fashion
with approximately 2 mm separation between sutures.
Skin samples were excised from rats after 31 days and cut into strips with a cross
sectional area of 2 mm x 6 mm and subjected to tensile mechanical testing on an Instron
Series 3340 (Instron Corporation, Canton, MA). Tensile testing was performed at a strain

.

rate of 417 J.Lrnlsec using a 51kg load cell. The experimental setup was similar to the
mechanical testing of collagen gels except no wooden supports were used. For
histological evaluation, tissue samples were fixed in 10% formalin, paraffin embedded,
sectioned and stained with Masson's Trichrome.
Our animal protocols followed the guidelines of the animal oversight regulations
and were approved by the animal welfare committee.
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Statistical analysis
All data are presented as mean± standard deviation (SD). Analyses of data were
performed using one-way ANOVA and post-hoc two-tailed, unpaired t-tests. Differences
at p < 0.05 were considered to be statistically significant.

5.3 Results

In Vitro Assessment of LO-producing GAMs
Cell Viability
To confirm that our system is conducive to cell survival, we performed a viability
assay in the presence ofPEI-pDNA complexes. PEI-pDNA complexes were embedded in
GAMs at a concentration of 16.7 tJ.g pDNA/mL of GAM at an N/P ratio of7.5:1. The
calcein AM/ethidium homodimer staining showed that approximately 96% of fibroblasts
were viable after being embedded in GAMs for 2 days in the presence of PEl-DNA
complexes in GAMs. For our system to work effectively,. it is also important that
fibroblasts maintain their ability to replicate inside ofthe GAMs. PCNA staining showed
that approximately 21% of fibroblasts were in S-phase of mitosis, indicating good
proliferation (Figure 5.1).
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Figure 5.1 .PCNA staining of fibroblasts on sections of GAMs. An average of approximately 21% of
fibroblasts were stained indicating fibroblasts were able to proliferate in the presence of PEl-pDN A
complexes.

Duration of Protein Expression Duration in GAMs
The ability of fibroblasts to continually take up and express the protein of interest
was confirmed by monitoring the expression of GFP by fibroblasts in GAMs loaded with
GFP trans gene at day 10 and day 20 after assembly of the syste1n. We observed GFPtransfected fibroblasts in the GAMs both at day 10 and day 20 (Figure 5.2) but not at day
30. Since expression lasted for at least 20 days and typical expression duration of protein
through PEl-aided transfection is about 3-5 days, the PEI-pDNA complexes were
gradually being taken up and expressed by the fibroblasts en1bedded in the GAM. This
experin1ent was performed in the presence of serum, suggesting that PEl is able to protect
the pDNA from degradation by nucleases in the serwn.

117

I

Figure 5.2. Expression ofGFP by fiborblasts in GAM loaded with GFP transgene at day 20. This shows
that GAM was able to retain PEI-pDNA complexes for gradual uptake and expression oftransgene by
embedded cells.

Infiltration of Fibroblast into GAMs
When seeded on top of GAMs, approximately 98o/o of fibroblasts migrated into
the GAMs over 3 days. Staining of cells showed that they homogeneously populated the
GAMs after migrating into them. This experiment suggests that local fibroblasts could
1nigrate into GAMs in an in vivo wound healing scenario.

Fluorometric Peroxidase Assay for monitoring LO activity
Lysyl oxidase activity was enhanced at each tin1e point in LO-producing GAMs
as compared with control (Figure 5.3, p < 0.001). LO activity in conditioned media
collected from LO-producing GAMs increases from week 0 to week 3 and eventually
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decreases at week 4 whereas that from control GAMs increases steadily but to lesser
extent from week 0 to week 4. The increase in biochemical activity showed that the LO
produced was in its bioactive form. The activity of LO decreased after 3 weeks
suggesting that the transfection is of a transient nature. The addition of BAPN, a LO
inhibitor, to the reaction abolished the increase in LO activity (p < 0.001).
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Figure 5.3.A fluorescent substrate assay for monitoring LO bioactivity at different time points. LO activity
was enhanced in LO-producing GAMs as compared with control GAMs at each time point (n = 4, p <
0.001). The addition ofBAPN decreased LO activity significantly (n = 4, p < 0.001)

In Vitro Mechanical Testing of Collagen Gels
Fibroblast-loaded GAMs with LO transgene or GFP transgene were cultured for 3
weeks and subjected to tensile mechanical testing. Results of mechanical testing showed
that the elastic modulus ofLO-producing GAMs was 5170 Pa ± 2443 Pa as compared
with 1477 Pa ± 209 Pa of the GFP control (Figure 5.4, p < 0.03). Addition ofBAPN as a
LO inhibitor reduced the elastic modulus ofLO-producing GAMs to 2443 Pa ± 1089Pa
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while having minimal effect on the elastic modulus of control GAMs (p < 0.03). Ultimate
tensile strength {UTS) ofLO-producing GAMs was found to be 2879 Pa ± 676 Pa as
compared with 824 Pa ± 77 Pa of the GFP control GAMs (Figure 5.5, p < 0.001).
Addition of BAPN reduced ultimate tensile strength of LO-producing GAMs to 1696 Pa
± 563 Pa (p < 0.003) while again, having no effect on control GAMs. Again, when BAPN

was added to the culture media, the increase in elastic modulus and UTS were abolished.
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Figure 5.4. Comparison ofYoung's Modulus of fibroblast-loaded GAMs with LO transgene and GFP
transgene. GAMs with LO transgene showed more than a 3-fold increase in Young's Modulus as
compared with GAMs with GFP transgene ( n = 3, p < 0.03). The addition ofBAPN abolished the increase
in Young's Modulus in GAMs with LO transgene indicating that the increase was due to the catalytic
action ofLO. (n =3, p < 0.03)
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Figure 5.5. Comparison ofUTS of fibroblast-loaded GAMs with LO transgene and GFP transgene. GAMs
with LO transgene showed more than a 3-fold increase in UTS as compared with GAMs with GFP
transgene (n =3, p < 0.001). The addition ofBAPN abolished the increase in UTS in GAMs with LO
transgene indicating that the increase was due to the catalytic action ofLO. (n = 3, p < 0.003)

In Vivo Wound Healing Model in Rats
We investigated the effect of this gene delivery system in a wound healing model

in vivo. Full-thickness incisions were made through the dorsal skin in rats and GAMs
were inserted into the wound pockets prior to suturing. Skin specimens at the wound site
were taken from the rats after one month and subjected to tensile mechanical testing.
Mechanical testing showed that rat skin treated with GAMs with LO transgene had an
UTS of 34.8 kPa ± 5.1 kPa as compared with 20.0 kPa ± 4.0 kPa of the control skin
(Figure 5.6, p < 0.001).
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Figure 5.6. Comparison ofUTS of rat skin treated with LO-producing GAMs and GFP-producing GAMs
one month after surgery. Rat skin treated with LO-producing GAMs showed an average UTS of 34.8 kPa
as compared with 20.0 kPa of that treated with GFP-producing GAMs (n = 4, p < 0.001)

GAMs were totally disintegrated by the end of one month after implantation.
Histological sections with Masson's Trichrome stain showed that rate ofhealing ofboth
LO-treated and control wounded skin was the same as both had undergone complete reepithelialization(Figure 5. 7).
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5.7

Figure 5.7. Masson ' s Trichrome stain on sections of rat skin treated with fonnalin. 7(a) control skin 7(b)
LO-treated skin. Collagen stained for blue and fatty tissue stained for red. Healing rates are identical in
both control-treated skin and LO-treated skin.
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5.4 Discussion
LO was chosen as the protein of interest in this study due to its ability to
strengthen the ECM produced by cells through catalyzing the formation of crosslinks
(Elbjeirami et al., 2003) in ECM structural proteins, namely collagen and elastin. Apart
from the wound healing application which we investigated in this study, this property of
LO might be useful in many tissue engineering applications where improved tissue
mechanical properties are required. In this study, we demonstrated that mechanical
strength of collagen scaffolds could be enhanced through overexpression of LO.
We have shown in this study that local gene delivery was achieved through a
collagen-based GAM and high efficacy of the system was demonstrated both in vitro in a
collagen gel model and in vivo in a wound healing model. Mechanical strength of
collagen gels was enhanced when PEI-pDNA complexes coding for LO were embedded
with fibroblasts as compared with control. In the wound healing model, wounded skin
treated with GAMs loaded with PEI-pDNA complexes coding for LO showed superior
mechanical strength over control wounded skin after one month of injury and
implantation of GAMs.
Studies have shown that collagen-based GAMs were able to retain pDNA
(Cohen-Sacks et al., 2004). Naked pDNA on its own has very low transfection efficiency
due to degradation by nucleases as well as repulsive ionic interaction with cell membrane
(Lechardeur et al., 1999). Polycations have been shown to greatly increase transfection
efficiency (Thomas et al., 2003; Sagara et la., 2002; Sugiyama et al., 2004). PEl is a
polycation widely used for gene therapy purposes (Thomas et al., 2005; Wiseman et al.,
2003; Huang et al., 2005). It is capable of interacting with and compacting DNA via ionic
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interaction. This protects DNA from degradation by nucleases and increases transfection
efficiency via favorable ionic interaction with cell membrane. Transfection with such
PEI-pDNA complexes is of a highly transient nature. Introducing these complexes in
GAMs might increase their duration of expression at a tissue site as compared with using
naked pDNA,_ The success of our in vitro study performed in the presence of serum
showed that PEl indeed was able to protect pDNA from such enzymatic degradation.
Although PEl has been shown to be an effective agent for non-viral transfection, the
presence of free PEl in the cellular nucleus may interfere with transcriptional and
translational processes and thus induce cell death(Godbey et al., 2001). In one study, an
NIP ratio of 16.7 was shown to have cytotoxic effect on COS-I cells (Florea et al., 2002).

We have shown that fibroblasts were both viable and proliferating in the presence ofPEIpDNA complexes at the concentrations used in this study.
Although polycation-aided transfection can enhance transefection efficiency, the
expression of the trans gene is of a transient nature since the trans gene is not incorporated
into the cell genome. Transfection with PEl would typically lead to expression of proteins
for 3-5 days. Since we observed expression of proteins at least 20 days, this suggests that
GAMs were able to retain PEI-pDNA complexes for gradual uptake by the embedded
cells, thus prolonging the expression duration. Permanent gene expression is undesirable
in many applications since prolonged delivery of certain growth factors or proteins might
have adverse effects leading to pathological conditions. GFP transfected cells were
observed 10 days and 20 days after being embedded into GAMs but not after 30 days.
This shows that gene expression in this system is of a transient nature. We had used GFP
trans gene to monitor duration of expression since antibody for LO was not commercially
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available. We wanted to confirm that fibroblasts were able to gradually take up PEIpDNA complexes and express the transgene encoded.
To further confirm the expression ofLO, we used a fluorometric assay to monitor
lysyl oxidase activity, making use ofH2 0 2 , a byproduct in its catalytic reaction. We had
shown that LO activity in conditioned media collected from LO-producing GAMs was
enhanced significantly at each time point as compared with control and the addition of
BAPN abolished this increase in activity. The steady and small increase in LO activity in
control GAMs over 4 weeks may be due to proliferation of fibroblasts in the GAMs.
However, LO activity increases only up to 3 weeks in LO-producing GAMs and
decreases afterwards, though the initial increase was much greater than that seen in
control GAMs. Since the expression of protein in our GAM is of a prolonged but still
transient nature, it might be suitable for various clinical applications.
Our in vivo study suggested that LO-producing GAMs might be able to
strengthen newly formed tissue after injury. The effect of overexpression of LO and the
ability of fibroblasts to migrate into implants was confirmed by our in vitro studies. An
important application of this system could be for diabetic patients. In many diabetic
patients, wound repair is severely impaired. The newly formed tissue in the wound site
usually lacks mechanical integrity and the wound would very often reopen when
subjected to tearing forces which are inevitable in certain parts of the body. Our LOproducing GAM system might provide a solution to this by locally delivery LO transgene
for extended crosslinking activity which in tum might confer enhanced mechanical
strength of the newly formed tissue. Moreover, prior studies had shown that transfection
with LO did not alter proliferation and ECM composition, and overexpression ofLO led
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to increase levels of desmosine (a crosslink product of elastin) in the ECM (Elbjeirami et
al., 2003). It is probable that the increase in mechanical strength observed was due to the
catalytic action ofLO on ECM proteins. LO was shown to induce directional migration
of fibroblasts (Nelson et al., 1998) and it is uncertain whether this contributes to the
enhanced mechanical strength observed.
Apart from the particular application in this study, this GAM system can be
implemented in a wide variety of applications to enhance tissue mechanical properties.
The procedure to fabricate the GAMs used in this study was very simple as compared
with other similar gene delivery systems. A great advantage of these GAMs is that they
can be formulated to include multiple which could lead to advances in tissue engineering
and other applications. The GAM technology is also advantageous in cases where
proteins undergo complex processing when synthesized by cells as compared with
exogenously delivered recombinant proteins. In the GAM system, bioactive factors are
continually being produced by local cells for replenishment. Moreover, collagen is
biodegradable and would disintergrate over time in the host body if being implanted. In
this study, the collagen-based GAMs implanted in rats completely disintegrated after one
month when the rats were sacrificed. The rats did not have any adverse reaction to the
implanted GAMs indicating that these biodegradable materials might be safe to be used
in humans. The GAM system is versatile, cost-effective and can be implemented in many
applications which require different factors.
In conclusion, we demonstrated the efficacy of this GAM system for
overexpression ofLO both in vitro and in vivo. Enhanced mechanical strength was
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achieved in a collagen gel model as well as a wound healing model in rat skin. This may
have application in treatment of poorly healing wounds.
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Chapter 6
Conclusions and Future Directions

This thesis work aimed at using a combination of gene and cell therapy to tackle
different tissue engineering problems. The 3 main projects are: (1) Improved
endothelialization for tissue engineered vascular graft (2) Potentiation of angiogenesis for
tissue engineering applications and treatment for ischemic diseases (3) Enhanced crosslinking in extracellular matrix for improved dermal wound healing.

6.1 Improved endothelialization for tissue engineered vascular graft

Results and Implications
In this study, we developed a collagen-based GAM system, which consists of
SMCs and VEGF transgene complexed with PEl, with the goal of using this as the
scaffold of a TEVG for enhanced endothelialization. Collagen was chosen for its
biocompatibility and its common use as biomaterial for tissue engineering applications.
SMCs did not express VEGF intrinsically and we demonstrated that SMCs could
gradually take up the VEGF trans gene and express VEGF over an extended period. This
also showed that our collagen matrix was effective in retaining PEI-pDNA complexes.
We also showed that the VEGF produced was bioactive and induced enhanced
proliferation and migration in HUVECs. Increased proliferation was observed when
HUVECs were seeded directly on top of these matrices. This showed that a collagenbased TEVG could potentially function as a gene delivery device at the same time to
induce endothelialization. To our knowledge, this is a novel approach for enhancing
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endotheliazation. Other studies have been focusing on delivery VEGF through covalently
conjugating it to the scaffold (Zisch et al., 2001; Ehrbar et al., 2004). However,
orientation (presentation) and loss ofbioactivity ofVEGF has been a major concern. Our
system overcame this by using local cells as "factories" to continually produce VEGF.
This allowed bioactive VEGF to be available for a prolonged period of time for desired
endothelialization to occur.

Future Directions and Applications
Several approaches can possibly be taken to further enhance the efficiency of our
GAM system. To prevent of loss of pDNA through diffusion, one could try to immobilize
pDNA to the biomaterial through a degradable linker. Cells cultured on the substrate can
internalize the pDNA by degrading the linkage between the vector and material. pDNA
can also be complexed with other condensing agents for more effective aidedtransfection. Many of such agents are under development (Omidi et al., 2005; Braun et
al., 2005) These agents, mostly polymers and lipids, can'be designed to target delivery to
specific cell types through receptor-ligand interactions or to facilitate intracellular
trafficking, which includes endosomal escape, cytoplasmic transport, and nuclear entry.
The GAM system is very versatile. One can put in any trangene of interest for
different applications. A great advantage of this system is that it can accommodate
multiple transgenes at the same time to allow for more complicated applications where
various factors are needed. Theoretically, we can also tailor the sequence of events by
varying the amount ofpDNA we put in initially. The higher the concentration of the
pDNA, the higher the chance of encountering local cells and the pDNA would be
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expressed sooner than it would be if the pDNA concentration was lower. In the same
way, we can possibly tailor the expression level and duration by varying the initial the
number of cells or amount ofpDNA we put in.

6.2 Potentiation of angiogenesis for tissue engineering applications and treatment
for ischemic diseases

Results and Implications
In this study, we successfully transfected the murine mesenchymal stem cell line
C3H10Tl/2 with VEGF transgene through retroviral transfection. We are interested in
this particular cell line in this study because lOTl/2 cells are known to be the progenitor
cells of smooth muscle cells and pericytes. A recent study showed that when lOTl/2 cells
were co-cultured with HUVECs in a 3D collagen gel model, they spontaneously associate
to form stable and functional vasculature whereas vasculature formed by HUVECs alone
did not show as much structural integrity and regressed very quickly (Koike et al., 2004).
This shows that lOTl/2 cells are capable of stabilizing blood vessels by their interaction
with neighboring ECs.
We first demonstrated that HUVECs underwent a dramatic change in morphology
when co-cultured with VEGF-producing lOTl/2 cells in a 2D setting. HUVECs switched
from a quiescent state (in which they form islands of cobble-stoned shaped cells) to an
"activated" or "angiogenic" state (in which they form looped structures). HUVECs
exhibited enhanced proliferation, migration and ability to invade underlying matrix when
co-cultured with VEGF-producing lOTl/2 cells in 2D. These are all important processes
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involved in angiogenesis and thus are good indicators of the effect ofVEGF-producing
1OT 112 cells on this event. After the initial phase of angiogenesis during which rapid
migration and proliferation of ECs takes place, ECs then organize themselves to form
elongating structures known as angiogenic sprouts (Hellstrom et al., 1999). We
demonstrated that extensive network of angiogenic sprouts were formed when HuvECs
were cultured with VEGF-producing 10Tl/2 cells over 6 days as compared with minimal
organized structures formed by ECs in the control and confocal microscopy confirmed
the presence of a lumen in the tubular structures.
These results suggest that VEGF-trasnfected 10Tl/2 cells can potentially be used
for treating ischemic diseases because they were capable of expediating angiogenic
events in ECs. This can also find applications in vascularization of tissue engineered
construct in which formation of a network of blood vessels is needed in a short time.

Future Directions and Applications
Stems cells hold great promise for tissue regeneration and treating diseases as
they have the potential to differentiate into various cell types. 10Tl/2 cells have been
extensively researched for its potential to differentiate into various phenotypes: bone
(Katagiri et al., 1990), cartilage (Atkinson et al., 1997), muscle (Braun et al., 1989), fat
(Ntambi et al., 2000) and pericytes (Koike et al., 2004). They could be induced to
differentiate into the different phenotypes by a single/combination of growth factors, as
well as by being in contact with a particular cell type. A lot of attention and effort has
been paid on understanding the molecular switch for their differentiation. However, upto-date, very few studies have been on combining gene therapy with lOTl/2 cells. We
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therefore were interested in investigating the potential of using them for cell therapy in
.
.
angiogenesis.
It was very encouraging to see the positive effect ofVEGF-producing 10Tl/2

cells on potentiating the formation of blood vessels. Although VEGF is considered the
most potent growth factor in angiogenesis, it is known that angiogenesis is driven by
other growth factors such as bFGF (Asahara et al., 1995) and angiopoietins (Corada et al.,
1999). Some of these growth factors come into play at later stage but are crucial for
stabilizing the blood vessels formed. VEGF also causes blood vessels to be leaky like
those formed in tumors. However the VEGF-trasnfected 10T1/2 cells might produce the
other factors needed to drive angiogenesis to completion and result in formation of
normal blood vessels. Another way to circumvent this problem is to overexpress all the
necessary growth factors. In our work, we chose retroviral trasnfection for prove of
concept. This type of transfection is of a permanent nature and is not usually desirable in
tissue engineering applications. Overexpression of growth factors for extended period
could lead to pathological events. Other transfection method of transient nature could be
used instead.
Our work might find applications in treating various ischemic diseases as well as
vascularization of tissue engineering constructs.
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6.3 Enhanced cross-linking in extracellular matrix for improved dermal wound
healing

Results and Implications
We have shown in this study that local gene delivery was achieved through a
collagen-based GAM (also used in our first project) and high efficacy of the system was
demonstrated both in vitro in a collagen gel model and in vivo in a wound healing model.
To confirm the expression of LO, we used a fluorometric assay to monitor lysyl oxidase
activity, making use of H202, a byproduct in its catalytic reaction. We had shown that LO
activity in conditioned media collected from LO-producing GAMs was enhanced
significantly at each time point as compared with control and the addition of BAPN
abolished this increase in activity. In our in vitro study, Mechanical strength of collagen
gels was enhanced when PEI-pDNA complexes coding for LO were embedded with
fibroblasts as compared with control. In the wound healing model, wounded skin treated
with GAMs loaded with PEI-pDNA complexes coding for LO showed superior
mechanical strength over control wounded skin after one month of injury and
implantation of GAMs. In this study, the collagen-based GAMs implanted in rats
completely disintegrated after one month when the rats were sacrificed. The rats did not
have any adverse reaction to the implanted GAMs indicating that these biodegradable
materials might be safe to be used clinically.

An important application of this system could be for diabetic patients. In many
diabetic patients, wound repair is severely impaired and many cases lead to amputation
eventually.
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Future Directions and Applications
Besides wound treatment in diabetic patients, this work might find applications
also in strengthening of different tissue engineering constructs. Tissue engineering
constructs fail sometimes due to lack of production ofECM. Formation ofECM could
be affected by the choice ofbiomaterials (Bryant et al., 2001), exogenous factors
(Murphy et al., 1999, Usui et al., 1998) and mechanical stimuli (Lee et al., 2005). We
believe that mechanical strength of tissue engineering constructs can be effectively
enhanced by encouraging cross-linking in the ECM proteins present.
In diabetic patients, however, our approach to strengthen dermal wound seemed
appropriate since our GAM system can easily be implanted and it is biodegradable as
well as biocompatible. The trasnfection is of a transient nature so there is minimal
concern of pathological developments. Once the cross-links are formed, they remain
stable and perform the function of strengthening of the dermal wound. Future work
might include finding the optimal amount ofpDNA needed to achieve the desirable
strength in wounded skin.

6.4 General conclusions
The field of tissue engineering holds great promises for replacing, regenerating
and improving human tissues. In this work, we demonstrated that we could combine cell
therapy and gene therapy to tackle various tissue engineering applications. Although
gene therapy is still in its infancy, it has become a very important and powerful tool for
the advancement of medicine. It is therefore imperative to develop new and better
methods of transfection so that gene therapy can be carried out more efficiently as well as
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in a safer fashion. We believe that as we gain more knowledge on the functions of
different proteins, in particular growth factors, we can eventually have better control over
the process of regeneration in different tissues. Gene therapy has great potential for use in
both medicine and tissue engineering applications and we believe that it will play an even
more significant role as the functions of more genes are divulged.
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